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HIGH TRANSONIC SPEED TRANSPORT AIRCRAFT STUDY 

FINAL REPORT 

By Robert M. Kulfan, Frmk D. Neumann, James HI. Nisbet, 4hn R. Mulally, James K. Murakami, 
0. W. Gimmestad, Hias C. Noble, John P. Mchron,  James L. Stalter. Mark 6. Sussman 

being Commercial Airplane Company 

SUMMARY 

An initid design study of trmsport aircraft having high transonic cruise speed 
capabilities has been cornideted. Five different design concepts were configured and 
compared. Thtw include: ( 1 1 aircraft v-ith fised swept wing. (2) aircraft with variablesweep 
wing. (3) aircraft with delta wing, (4) twin-fuselage yawed-wing aircraft and ( 5 )  single- 
fuselage yawed-wing aircraft, as depicted in figure I .  Results of past programs and earlier 
studies, including the substantial background of the contractor’s work on supersonic 
transport development. were used as important inputs. Additionally. the work done under 
the NASA-Langley Research Center sponsored contracts, “Study of the Application of 
Advanced Technologies to Long-Range Tr;msport Aircraft.” (NASI-1071, -1072, and -1073) 
provided important technology data for aircraft designed to  operate in the transonic regime. 
Further, the aerodynamic development accomplished by NASA’s Ames Research Center on 
the yawed-wing concept provided essential background data for the study. 

The dssign objectives Rpplied to  all configurations studied were the following: 

Cruise Mach No.: M =  1.2 

Range : 5,560 kin (3000 n m i )  

Aircraft noise goal: 15 EiNdB below FAR.36 

Pdssenger Payload: 195 passengers ( 18,143 kg, 40,000 lb) 

Technology level 1 Projected for 1985 subject to  the undertaking 
of technology development programs 

The results indicated that the “boomless” supersonic mission requirements can be met 
at FAR 36 noise levels by a delta wing configuration at 226,796 kg (467,000 Ib). The noise 
goal cf FAR 36 minus I5 EPNdB can be met with the single body yawed-wing configuration 
at approximately 226,796 kg (500.000 lb) gross weight. This noise goal cannot be met by 
the other configurations within the assumed propulsion and jet-noise suppression tech- 
nology levels. Thc yawed-wing configiration, because of its superior low speed aero- 
dynamics, has a large advantage in takeoff Iind landing performance. The variable-sweep and 
high aspect ratio wing of the yawed-wing configuration provides a 20 percent range 
improvement for subsonic cruise over its M = 1.2 design range. 
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The stability and control responses of the yawed-wing airplanes are unique. The results 
of this study indicate that a tlight control system could be developed to @vc this type of 
aircraft handling qualities that are similar to those of mor: conventional aircraft. 

The primary structure choice for all of the airplanes was graphitelepoxy honeycomb. 
The critical structiwal design conditions for the yawed-wings of this study were gust and 
maneuver loads rather than aerwlastic divergence- 

The yawed-wing aircraft presented unique design and integration problems. Coordi- 
nated theorc.tic.akxpc.riinei~ta1 design studies are required to  determine if the predicted 
performance chwacteristics are indxd achievable. A three-phase development plan has been 
formulated to  cstrtblish the full potential of this concept. 

Phase I involves analytical studies which follow directly from this contract. P h m  i l  
combines wind tunnel and lab test work with further theoretical studies. Phase 111 carries 
the development work of rhax I and I 1  t o  detailed desigc and flight test of a demonstratior, 
vehicle. 

INTRODUCTION 

This document is the final report of the work accomplished by ‘me Boeing Commercial 
Airplane Company under contract NAS2-703 1. “High Transonic Speed Transport Aircraft 
Study.” for NASA’s Ames Research Center. The work began on June 20, 1972 and was 
completed on May 20, 1973. 

As a result of sonic boom from supersonic aircraft flying over populated land masses 
there is interest in aircraft designed for transonic cruise speeds. This interest has been 
enhanced by potential improvements in transonic aerodynamic efficiency offercd by 
advances in suprrcritical flow aerodynamics technology and in design concepts such as 
yawed-wing aircraft. 

There have been two significant design studies applicable to  transcsic transport 
aircraft: ( I  ) the NASA Studies of th t  Application of Advanced Technologies .O Long-Range 
Transport Aircraft (Boeing, General Dynamics, and Lockheed) relative to the Lower 
transonic regime (up to  Mach 1 )  and , I )  the NASA study being reported herein relative to  
the high transonic regime (up to  M = I .2 and beyond). The first study was conducted in 
197 1 and 1972. 7’he second study has special relevance to  boom-free supersonic flight in 
that the upper s p d  limit was considered to be that which would avoid sonic boom at 
ground level. 

The ohjectives ot LiiiS study t ere to develop five specific configuration types suitable 
for cruise in the high transonic regime, make cross-comparisons of each, conduct design 
trade-off setisitivi ty studies, and idcntify critical research areas pertinent to  development of 
high transonic transport aircraft. The five configuration types included: ( I )  fixed swept 
wing aircraft. (2 )  variable-sweep wing aircraft, (3) delta wing aircraft, (4) twin-fuselage 
yawed-wing aircraft, and ( 5 )  single-fuselage yawed-wing aircraft. 



In the initial phase of the study, size parameters and technology levels were identified 
as applicable to  all the configurations and a “fmt cycle” design definition was accompkhed 
for all five configurations. These initial definitions were developed and analyzed in detail to 
provide the parametric data necessary to  determine the optimum wing area and engirAe 
match to  meet the design objectibes. Following this, second cycle designs were completed 
and reviewed with representatives of the Ames Research Center a t  the end of approximately 
4 1 / 2  months. 

The results at that time identified promising potential for the single-fuselage 
yawed-wing concept: that would however require more extensive development because of 
its unique characteristics. The folloving recommendations were made: 

0 Concentrate the remainder of thz study effort on trade studies to  optimize this 
concept 

0 Suspend further developmental wotk on the other concepts 

0 FoEgo the comparative performance and economics studies 

The study plan was revised to  incorporate these recommendations and thereby allow for 
developing an improved configuration arrangement for this yawed wing concept followed by 
range, payload. noise and speed sensitivity studies. 

This document presents the descriptions and performance characteristics of the 
configurations that have been synthesized for each of the five concepts. The design 
evaluation of the single fuselage yawed wing concept is traced. The design and analysis 
methods are described along with the results of specialized trade studies that provided 
design guidance. 

CONCEPT NO. 1 CONCEPT NO. 2 CONCEPT NO. 3 CONCEPT NO. 4 CONCEPT NO. 5 
FIXED SWEPT VARIABLE DELTA WING YAWED WING YAWED WING 
WING WEEP WING TWIN FUSELAGE SINGLE FUSELAGE 

FIGURE 1.-AERODYNAMIC CONCEPTS-MACH 1.2 

3 





SYMBOLS AND ABBREVIATIONS 

ALT a1 ti tude 

A/P sirplane 

APP approach 

AR aspect ratio 

ATA air transport association 

ATT advanced technology transport 

Awet wetted area 

AY side acceleration 

b,bw wing span 

bla elliptic axes ratio, ratio of semi-major axes 

B body 

BPR bypass ratio of engine 

C basic chord 

c' 

CD drag coefficient 

wing chord includinl; expanded chord of trailing edge flap 

friction drhg coefficient 

drag coefficient due to !ift (includes the induced drag and wave drag due 
cDL7 cDLIFr to lift) 

miscellaneous drag coefficient 

trim drag coefficient 

volunie wave drag coeff cient 

CDhl*SC 

cDw 

DTRIM 
C 

c1. lift coefficient 

wing design lift coefficient 
LDESIGN 

C 
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roiling moment due roll trite stability derivative - -  1 /rad 

lift  cciefficient at which 2.C cquals zero 
')P 

rullins moment 

rolling momrn: 

lif t  coefficient ~ 

lift C I I I V ~ '  slopc 

rdlirig riiomciit 

rolling moment 

due to pitch ratc stability derivative- 1 /rad 

due t o  yaw rate stability derivative-- I /rrid 

ini  tial cruise divided by lift cotfticient --maximum L/D 

due t o  sideslip stability deriv. tive - I/rad 

due to  aileron deflcction stability derivative- 1 /rad 

rolling moment due to  rudder deflection stability derivative - 1 /rad 

pitching moment coefticient 

slope of the pitching moment curve 

pitching moment due to roll rate stability derivative- 1 /rad 

pitching moment due to pitch rate stability derivative- 1 /rad 

pitching moment due to yaw rate stability derivative-. I/rad 

pitching moment due lo angle-of-attack stability derivative - I/rad 

pitching moment due to rate-of-change of angle-of-attack stability 
derivative ~ 1 /rad 

pitcliliig moment due to aileron deflection stability derivative- 1 /rad 

carbon monoxide 

mean aerodynamic chord, *.ving--meters(ft) 

lift due to pitch rate stability derivative-1/rad 

lift due to angle-of-attack stability derivative-- I/rad 

lift due to rate-of-changc of angle-of-attack stability derivative- 1 /rad 

lift due to sideslip stability derivative - 1 /rad 

lift due to eleviitor deflection stability derivative- 1 /rad 

h 



diameter D 

EPNdB 

FAR 

FT 

GWT 

HC 

ICAC 

ka 

KE 

ke 

KT 

L 

LBS 

L/ D 

M 

MA 
A r 

R 

S 

SAS 

SFC 

% 1 

s. L. 

effective perceived noise 1evt.l 

Federal Aviation Regulations 

r re  t 

gro~s weight 

hydrocarbons 

iru tial cruise altitudr'capability 

aerodynamic stiffness 

envelope drag due to  lift factor, CD 

structural stiffness 

3 
IC,* at the design CL 

LIFT 

knots 

lift, length 

pounds 

lift-to-drag ratio 

bending moment due to  a unit wing angle of attack 

Mach number 

forward wing bending moment 

(2) non-dimensional yaw rate - 

yaw rate --raJ/sec, rolling moment 

area 

stability augmentation system 

specific fuel consumption 

horizontal tail area 

sideline 



SREF wing reference area 

sv vertical tail area 

SW 

t/c 

T 

wing area 

thickness to chord ratio 

tail. thickness 

(T/C’M AX 

TOFL takeoff field length 

TOCW takcoff gross wcight 

xo. W/CB 

maximum wing thickness/chord ratio 

takeoff with thrust cutback procedure 

TSLS 

T/ W 

X/C 

engine thrust -sea level static 

thrust loading, total rated engine thrust divided by airplane takeoff gross 
weight 

true airspeed 

wing 

wing and body mutual wave drag interference 

dynamic stability undamped natural frequency 

wing loading, airplane gross weight divided by wing area 

fraction of wing chord 

XS streamwisc separation distance 

Y spanwise sepsration distance 

Y I B  fraction of span 

ZIC camber fraction of chord 

a angle-of-attack -rcd 

a 

a, CKW 

ilondi mensional ra te-of-change of angle-of-a t tack --(&,/2V) 

wing a ngle-o f-a t tac k 

1. 
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flap effectiveness factor-rate of change of angle of attack with flap 
deflection ab 

wing twist angle QW 

sideslip angle-rad, M2 - 1 

aileron deflection-rad 

moment increment du. to unit tail deflection 

elevator deflection 

flap deflection angle 

tail deflection angle 

rudder deflection 

stabilizer angle-radians 

additional drag due to  lift 

additional parqsite ,drag coefficient 

increment in CL due to  leading edge or  trailing edge flap deflection 

increment in lift due to tihlling edge flap deflection 

lift increment due to unit tail deflection 

P 

tail effectiveness - ACMH 
A6H 

AM 

c downwash 

A taper ratio 

A wing sweep angle 

bending moment resulting from roll rate and aileron deflection 

c/4 sweep angle of quarterchord line 
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Subscripts 

APP 

f 

GE 

LE 

MAX 

0 

REF 

S 

TE 

TRAP 

v2 

EFF 

aft flap of doubleslotted flap 

landing approach 

flap 

ground elfects 

leading edge 

maximum 

at zero lift 

reference 

stall conditions 

trailing edge 

trapezoid 

takeoff second segment 

effective 
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CONFIGURATION OESCR lPTl ONS 

To provide a basis for the evaluation of advanced technology Mach 1.2 airplane 
concepts, numerous configurations were considered and developed during the course of this 
study. The ccdiguration evolution process is depic. iu the appendix. 

DESIGN SYNTHESIS PROCEDURES 

Five basic configuration concepts, identified as concept 1 through 5 ,  were evduated 
dwing the early part of the study. Model numbers were assigned to configuration variations 
of each concept as a function of the concept, the phase of the study and the variation 
studied. 

For example, 

STUDY PHASE I I  

EIGHTH CONFIGURATION 
CONCEIVED FOR 
CONCEPT NO. 5 DURING 

CONCEPT 5 

STUDY PHASE II 

Configurations are referred to by these designations throughout thL report. 

The design syntheh approach that was used to develop the aircraft configurations in 
this study is illustrated in figure 2. 

The initial step was to define preliminary configuration characteristics that includ-d 
such general items as: 

0 Wing planform, size, thickness 

0 Number of engines, engine cycle and size 

0 Tail planiorm, thickness and size 

0 Estimated maximum takeoff gross weight 

These characteristics most often were derived from the results of past related studies or 
from specially conducted trade studies. These estimated configuration characteristics were 
used to develop preliminary configuration sketches. These sketches along with supporting 
aerodynamic design optimization studies. weight and balance analyses, stability and control 
analyses, and structural layouts provided inputs for developing a detailed configuration 
layout (ste? 2). 
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The detailed design layout detined the “uncycled baseline” configurrttion. The baseline 
configuration was then analyzed in depth to determine the basic weight, lift and drag. thrust 
and noise characteristics. Additional analyses were made to determine the effects of varying 
engine SIX. and wing area to establish scaling rules that account for these chmges (step 3).  

The results o f  the baseline cont>guration evaluation along with the scaling rules form 
the inputs to a parametric performance analysis program that is used to “size” the airplane 
by deterrnining the minimum gross weight, the wing area. txnginc size and tail sizes necessary 
to achieve the mission objective (step3).  This step is discussed in more detail in the 
performance section of this report. 

If  the design objectives are not met. or if obvious short comings are identified, this 
process is repeated. 

The cnnfipiration general mangements that were deqeloped considered the following 
requirements and objectives: 

0 Passenger payload of 18,143 kg (40.000 Ib), which is equivalent to 195 passengers 
and their baggage for domestic operitions. 

0 A 157 fust class and 85% tourist class distribution. 

0 Seat widthsof: 

Tourist First Class 

Sing’e 66 cm (26 in.) 56 cm (22 in.) 

Double 132 cm (52 in.) 107 cm (42 in.) 

Triple _ _  160 cm (63 in.) 

0 Seat pitches of 36 cm (38 in.) and 86 cm (34 in.) in the first Class and tourist 
sections, respectively . 

0 Passenger service provisions including galleys, lavatories and closets equivalent t o  
current jet transport practice. 

0 Cabin door design satisfactory to  passenger and service ingress and egress and 
meeting or exceedir.g the intent of emergency provisions of FAR 25. 

0 Volume provisions below thc passenger cabin floor for containerized and bulk 
cargo. 

0 Containerized cargo density of 162 hg/cu meter (10 Ib/cu ft). 

0 A minimum containerized cargo volume of .I4 cu meters ( 5  cu f t )  per passenger 
based on an all-tourist 86.3 cm (34 in.) seat pitch configuration. 

13 



0 Additional bulk cargo volume ol‘ at Ic;i\t 14.1 cu meters (SO0 cu I t )  fGi s!! 
configurations except the single t u s e l ~ g ~  yawed wing conl‘igiiration 5-3. 

0 Passtnger cabin doors. cargo duors. and pawngcr s.mict.s compaiiblc with 
current airline ground support equipment . 

0 Passenger cabin deck heights consistent with current airport passenger loading 
facilities. 

The airplanes were also dcsignct to be compatiblc‘ with current ;ind prckcted airport 
ramp areas, taxiways. and runway facilities. The landing g a r  dcsigns provided tlotation 
capabilities (tig. 3) for airport facilities projected for the 1980-90 time period. 

The characteristics of the find baseline configuration that was developed for each 
concept (Model 1-2. Model 2-2. Model 3-2. Model 4-2 and Model 5-31 arc describcd helow. 

FIXED SWEPT WlNG CONFIGURATION-MODEL 1-2 

The results of previous contractor Transonic and Supersonic Transport studies led to 
the development of the general arrangement for configuration 1-2 (fig. 4). This arrangement 
includes four engines mounted in two dual pods under the wing ne;ir the trailing edge and 
outboard of the main landing gears. This allows l a z e  span flaps on ihe outboard wing and 
good airplane balance characteristics. The passengers are seated in a balanced arrangement 
fore and aft of the wing. The minimum body cross section is designed for a 4-abreast 
passenger seating arrangement with a single aisle, plus the underfloor area required for 
landing gear stowage. The required “area ruling” resulted in a wide fuselage forward and aft 
of the wing, which locally altowed twin aisles interior arrangements. Provisions were made 
for containerized cargo in the lower forward fuselage. Bulk cargo could be camed in the 
lower fuselage aft of the landing gear wheel wells. 

The empennage consists of a fin with swept, trapezoidal planfarm and i l ~  all-movable 
stabilizer that is mounted in the aft fuselage. 

The tricycle-type landing gear is arranged to facilitate the required airplane liftoff 
rotation and to assure nacelle ground clearance during all nor. al +craft operating 
attitudes. The main gear is wing-mounted and is supported by the .ng rear spar and a 
landing gear beam. The gear retracts sideways into the lower fuselage aft of the wing box. 
”he low profile tires are mounted on &wheel trucks in order t o  minimize the airplane 
frontal area that is required for gear stowage. 

Fuel is carried in integral tanks in the oytboard wing and in the center wing box. The 
volume of the wing is limited, however. and additional fuel is camed in body tanks forward 
of the wing box. More volume is camed in the aft body in a balance/trim fuel tank, forward 
of the stabilizer carry-through structural box. 
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A droop nose was used to eliminate the high transonic drar associated with fixed 
windshields. t o  eliminate noise and buffet at the pilot station, and to provide good pilot 
visibility during takeoff. landing and ground maneuvering. 

V.4RlABLE SWEEP WING CONFIGURATION -MODEL 2-2 

The overall configurrttion amngement. tigure 5. is similar t o  model 1-2, exccpt as 
described below. The wing has a lower aspect ratio an3 1i:c)t : .&-..!I p i:i the cruise position. 
The wing sweep can be varied from .37 rad (31") to .94 rad (5.1"). 

The engines are mounted in dual pods under the wing near the trailing edge. They are 
supported by structural members that extend 3ft from the fixed center wing box and ut: 
stabilized by members extending outboard from the fuselage. ?he main landing gears are 
located inboard of the engine nacelles. The gears are illso supported by structural beams that 
extend outboard from the fuselage. The inboard wing trailing edge was extended aft in order 
to fiiir the gear and nacelle support structure. 

Very limited fuel volume is available due to the thin wing combined with the variable 
sweep design feature. Preliminary results showed that approximately 50% of the total 
required fuel had to be carried in the fuselage. figure 5 .  

DELTA WING CONFIGURATION-MODEL 3-2 

This arrangement, figure 6, is based on the extensively investigated contractor 
supersonic transport prototype design. The body length is identical to models 1-2 and 2-2 in 
order to maintain similar configuration fineness ratios and satisfactory tail arms. 

The engines were located well aft of the wing aerodynamic center, as compared to 
models 1-2 and 2-2. The wing is also located further aft on the body for airplane balance. As 
a result the fuselage area distribution is less symmetric forward and aft of the wing, with a 
larger volume ahead of the wing. Although the samc minimum fuselage cross section was 
used, all passengers can be accommodated in the wide fuselage forward of the wing rear 
spar. The passenger cabin length was, therefore, reduced by approximately 6.1 m (20 ft). 
The aircraft was balanced with full payload. Water ballast is carried for some off-design 
operation at low passenger load factors. A small amount of the total fuel is camed in body 
fuel tanks. 

The other configuration characteristics arc similar t o  those of model 1-2. 

DOUBLE FUSELAGE YAWED WING CONFIGURATION-MODEL 4-2 

The general arrangement and the geometry of the wing and the two fuselages on this 
configuration, figure 7. was dzveloped from recent NASA-Ames studies. The distance 
between the two fuselages is equivalent to 30% of the wing span. A fourengine arrangement 
was chosen with a scpa-ate empennage on cach fuselage. 
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The area distribution of ei1c.h fiiselagc was c.dr:tully dcvL~l,)ped i n  the prcsence of the 
respeclive part of the yawed wing. I t  was found possihle to design both fuselages to  be 
identical. All passengers are accoinniodated in  the fuselages torward 01’ the wing pivots in a 
four-abreast first class. tivc-abrea\t tourist class seating layout. This arrangement hsd the 
passenger cabin ahead of an tinpressurized section of the firselage which facilitated the 
structural integration of wing pivot and landing gear. A section of the fuselage aft of the 
Iandmg gear was used tor cargo. baggage. and body fuel. followed hy a compartment for a 
trim fuel tank. The flight crew conlpartmcnt was located in the leading fuselage. The engines 
were mounted symmetrically c)n each sick o f  thc two vertical tails irrmediatcly ahove the 
body. This ~lllows a balanced engine support \cliciii~- with a c~oninioii thrust reverser for each 
dual engine installation. The all-moveahlc stabilizers were located 3 1 1  the fusclupcs below and 
aft of the engine nnz7les to reduce downward jet noise propagation. 

The I;inding gear systew consists of  main and nose gears. mounted in each body. The 
main gear was located to allow conventional liftoff rotation of the aircraft. I t  is mou!ited in 
the fusclages aft of the wing pivot support structure and retracts rearward i n t o  thc fuselage 
ahead of the pressurized cargo baggge compartment. The main gear carried a six-wheeled 
truck with horizontal stabilizition during retraction to  minimize drag and w;!s size limited 
by body diameter. 

The nose gears are conveptional with steering capability and retract aft into the body. 

Most of the mission fuel is carried in integral wing tanks with the remainder being 
camed in a mid-fuselage tank plus the aft body balanccltrim fuel tank. 

SINGLE FUSELAGE. YAWED WING CONE IGURATION-MODEL 5-3 

The evolution of this configuration is illustrated in the appendix. This configuration 
shown in figure 8 represents the single fuselage. yawed wing airplane with the lowest gross 
weight that was developed during this cc:itract for the design mission. The extensive 
configuration evolution process that led to this configuration is described in more detail 
further on in this report. T;ihle 1 siininiarizes sonic of the unique r!iaracteristics, demands 
or requirements present on a yawed wing design and the resulting unique configuration 
design features that were incorporated on Model 5-3. 

General Description 

Fusel age 

The diameter of the circular fuselage varies from 356 cm to 406 c m  (140 to 
160 inches) over the length of the passenger cabin. The seating arrangement is 4. 5-, or 
(,-abreast with a single aisle. Baggage is carried in 707-si~e containers oii th t  lowcr deck. The 
configuration offers a very high degree of payload flexibility since the passenger cabin is not 
obstructed by other airframe/enginc components. The passenger appeal should be very high 
because of good visibility and low cabin noise due to the aft engine installation. The cab is 
provided with ;I movable visor for improved flight crew visibility a t  low speeds. The full 
droop nose featare was not necessary since the unswept wing of high aspect ratio will not 
need large noseup attitudes during takeoff and landing approach. 
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Wii!g Pivot 

A preliminary wing pivot design 15 shown 111 figure 9. The bearing rings ttlr thc pivot of 
the y a w ~ d  wing urc iipprosiniately 3.1 in ( 7  :'t 1 i n  diam;ter. Thc rinb are locatcd h ~ * i w c ~ ~ ~ n  
the top o f  the fuselage and tlic wing undcrsidc. 'Thty arc t s t c ~ i c d  t o  the wl.; and thc hody 
withou: interrupting the curry-through :;tructure of either. The thickness (it i h .  tm.ular- 
fusclagc fr;inie\ below the pivot is twitkc t h a t  of rcgular t r a m s  i l k  orci\*r t c  r w c t  bending 
load4 introduced by thc wing. 

Figure X shows a preliminary design for the integration of ~[ilct .  cngines ;ind n o ~ ~ l e s  
with the aft fuselage. The t w o  U-shaped inlet faces arc separated from t h e  4dc4 cd the 
fuselage to capture unuisturbcd frctstrcam air. Foilowing ~ h c  itraiaht ditfusor w t i o r i  the 
inlet ducts urc hclit towards the aircraft cciit*x!:iic: .Ind the duct shape gradually changes i n t o  
4 circular scctions. After a11 S-bend t l l c  ducts are led straight aft  past the landing gear ha:;. 
The volume required for suppor! and s!owagc of the landing gear is created ir, the shadow of 
the S-bend. Tht structiire Jround and bctween the inlct ducts form!: the primary struciurc in 
that region d t h c  fuselage. Over the yntire length of thc engine bay the fuselage structurc 
has a cruciform s h q e  which is jointed on top to the empennage boom, tigirt. 10. The 4 
engines arc supported ':om thf side and havc large cowl doors hinged for engine access and 
removal. Stnicture for the eiigine nozzles is integrated with the F'mpennagc boom. Space for 
engine accessories is provided by the aft fairing of the landing gear. 

Miin Landing Gear 

Thc main landing gear truck prometry represents a scaled version of the contractor SST 
Model 2707-300. 6-wheel, 1 ?-tire truck. The main gear is shown in figurc 1 1 .  ';'he gear 
retracts aft into the fa i r iq  hchird the intake ducts and goes through three retraction cycles 
to get thcrc. Thc sequence!, dIc  cI~use~i  to minimizc drag. After takeoff, when the gear IS 

fully extended. the truck is rotated about the shock strut 90'and rclocked to ccmplete thL* 
first c;'cle. Thc truck is then rota:cA vcrticaily about the center wheel axle iigainst the shock 
strut and is held there by the t r i d  rotation actilators completing the second cycle. The 
whole gear is rotated about the upper tninnioii t o  coaplete the third cycle thus completing 
retraction. The r e v e x  wquence is i.iitiatcd for gear extension. Thc down lock jury strut 
also serves as an uplock. This sn Igemcnt ha., only a partial frer fall capability and is 
coinplctely dcpendcn t on hydraulic power sequencing for the three cycle operation. 

Thc -.*;ition of the Main  Gear is dcpciidcn. 71 thc space available behind thc int:ike 
ducts an(' is forced much further aft than is conventional caus in~  a highcr proportion of gear 
load t o  be placed 011 thc nose gear. T h m  is 311 advantage here becillisc whcc.1 ' :ikes can he 
included i n  the nose gear whcels. Takeoff rotation and high a ~ g l e  landing tlarc is not 
rccy.~ircd for this confikvration. Because of the small p w -  t r e d  x i d  the hrgc turnover 
moments of this high-wing aircraft. stability during g oiiiid n~;~iicuvcrs is ;111 area that 
rquires more de t ailed i I ivcst iga tions. 



FIGURE 9.-YAWED WING PIVOTSTRUCTURAL ARRANGEMENT 

! FUSELAGE STRUCTURE 
CENTER LINE OF 

DISCONNECT 

DIRECTION OF 
ENGINE REMOVAL 

ACCESSORIES 

FIREWALL 

ENGINE COWL/ 
WORKSTAND 

OFT EXTENSION 
OF LANDING GE 
FAIRING 

VlSRATlON ISOLATORS 

FIGC'RE 10.-AFT ENGINE INSTALLATION, MODEL 5-3 
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Nose Gear 

The nose landing gear supports approsimutely 30’’: o f  the uirLraft weight. Since the 
, Y section for gear stowage is very limited below the passenger t!oor. two tandem nose 
gears have been incorporated. Each gcar has ;1 single axle with four wheels. All tires on the 
air:r,ift arc thc same size. The nc)w gedr ~rr,ingcniwt ib shown in tigurr. 12. 

The outer cylinder of the shock strut is the only componcnt t!rat is not common to 
both the forward and aft nose gear units. Lmding at  reduced sink rrrtc will bc possible with 
either unit retracted in the event one gear hangs-up in  flight. A convcntim;il steering unit is 
included in each unit. 

Em pen nage 

The general arrangement of the cmpennage is shown in figure 8. The stabilizer is dl 
movable and is spindlc-mounted near the rear spiir of the verticil tail. 

Aircraft Systems 

Volume and access is prorided for all of the required systems. The locations are shown 
in tigurc 8.  The systenrs have been located to enhance the balance oi  the airplane. 

Fuel System 

The wing fuel capacity is sufficient for the design mission requirements. Fuel is carried 
in integral tanks 3s shown in figurc 8. A dr*- bay is provided around the wing pivot. An aft 
balanceltrirn tank is provided in the empennage boom ahead of the stabilizer. 

CONFIGURATION COMPARISONS 

Configuration weights are compared in figure 13. The initial baseline configwations 
were developed for a gross weight of 272.1 55 kg (600.000 I?).  Model 5-3 which underwent 
a much longer period of development was configurated with a maximum gross weight of 
226.796 kg (500,000 Ib’. The solid lines are the operational empty weights for the mission 
sized airplanes. 

The distribution of wing fuel and body fuel for thc 5 baseline configurations are 
. compared in figure 14. The ;ingle-fuselage yawed-wing configuration provides sufficient fuel 
volume for the 5560 km (3000 nmi! mission. Some of the fuel for the twin-fuselage 
yawed-wing configuration m u t  be carried in body fuel tanks. The wings on concepts 1 and 
2 provide only very limited fuel capacity. Approximately I31 cu meter (4000 cu ft) of the 
fvselagr volume would bc used for fuel tanks on the variable-sweep wing airplane, 
model 2-2. 

The methods and results of “sizilig” these baseline configurations t o  achieve the design 
mission objectives are discussed in thc performance section that follows. 
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CONFIGURATION PERFORMANCE 

t 
The following tasks were required to  evaluate the performance of each airplane 

configuration: 

0 Assess the performance of the configuration as rcpresented by its three-view 
drd wing. 

0 Determine. by parametric scaling, the airplme size required to meet the mission 
objectives. 

0 Evaluate the detailed performance characteristics of the selected sized airplane 

0 Determine the impact of the noise goals on the sized airplane takeoff gross 
weight . 

These tasks were completed for the fixedswept wing configuration 1-2. the 
variable-sweep wing configuration 2-2, the delta wing configuration 3-2, the twn-fuselage 
yawed wing configuration 4-2. and the single fuselage yawed wing configurstion 5-3. 

The sized airplane configuration for Model 5-3a has been used as a baseline for 
additional studies that included: 

0 Flap angle study to  examine the trade between noise and field length 

0 Range capability versus gross weight 

0 Design payload sensitivity study 

0 The rmge capability for off design cruise speed (Mach .9 to  1.35) 

In addition performance studies were made to identify the optimum yawed wing 
aspect ratio and t o  aid in the development af an efficient aerodynamic configuration. The 
critical sensitivity of all the configuration concepts to  engine bypass ratio and to nacelle 
installed drag was identified. 

MISSION RULES AND PERFORMANCE OBJECTIVES 

The flight profile and mission rules used in the sizing process (fig. 15) were consistent 
with those used in the NASA advanced transport technology study. The allowances shown 
in this figure were used for the climb. descent and reserves in lieu of detailcd evaluations. A 
step cruise was used for the design domestic range. 

The following pxformance objectives and constraints have been used to  size the 
airplane configurations. 
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FIGURE 15.-FLIGHT PROFILE AND MISSION RULES 
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18,143 kg (40.000 Ib) 

5,560 km (3.000 nmi) 

I . 2  

Objectives 

Payload : 

Range : 

Cruise Mach: 

Const rain t s 

Minimum cruise altitude: 

Field length: 

Landing approach speed: 

1 1.887 m (39,000 f t )  

3.505 i n  ( 1  1,500 f t )  maximum 

333.4 km/hr ( 180 kt) maximum 

15 EPNdB below FAR Part 36 Noise goal 

The range and payload objectives were selected for compatibility with the ATT study 
(ref. 1 ). The Mach number was selected to  achieve boom-free supersonic flight. This requires 
that the airplane ground speed be less than the local speed of sound propagation on the 
ground. Depending upon flight direction, season; and airplane altitude, cruise Mach numbers 
in the range of 1.05 to 1.25 are allowed (fig. 16 from ref. 2) for east to west and west to  
east transcontinental U.S. flights. A Mach 1.2 cruise speed has been selected since the 
required engine thrust to  balance drag is the largest at a high boom free cruise speed. This 
tiuust level would then permit cruise at lower Mach numbers. 

The minimum cruise altitude constraint was set by the selected maximum structural 
design equivalent air speed of 180 mls (350 kts) (see page 162). The field length and landing 
approach speed were selected as maximum allowable upper limits. 

The noise goal was a specified study objective. In order to assess the impact of this 
design objective on each of the configuration concepts, performance calculations were made 
with different sets of propulsion data representing three levels of sound suppression. The 
results then clearly identify the gross weight penalty to  achieve a specific noise level. The 
engine design characteristics are defined in the Power System section of this report. 

CONF ICU RATION PERFORMANCE 

The procedure that has been used to size the airplane configurations is illustrated in 
steps 3 and 4 in the design synthesis chart of figure 2. The detailed design layout of each 
coilfiguration was evaluated to  provide detailed basepoint thrust, weight, aerodynamic, 
noise and flight controls data. In addition, scaling rules were derived by further analyses to 
account for changes in wing size, engine size and gross weight variations in the resizing cycle. 
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A param2tric performance analyses described in references 3 and 4 were used to 
determine the combination of aircraft characteristics that result in airplanes that m x t  the 
range/payload objectives. A grid of various combinations of thrust to weight ratios, (T/W). 
and wing loadings, (W/S), were selected to construct the design selection chart. For each 
combination of T/W and W/S, a takeoff gross weight was determined that odanced the 
operational empty weight. OEW. calculated for the component weights with the OEW 
required by the mission. The mission required OEW was equal to the takeoff gross weight 
minus the payload, fuel and reserves. 

RANGE 

5560 Km 
(3000 NMll 

--- 

The mission analyses determined the cruise range, initial cruise altitude capability 
(thrust and drag balance), and fuel required along the flight profile including reserves. 
Engine performince wrts corrected for engme bleed requirements and installation losses. 
Takeoff field length was calculated from generalized empirical performance curves. ‘Ti: flap 
settings that minimize field length were determined. Approach speed was calculated for the 
landing weight (OEW plus payload plus reserves) using the landing flap stall lift coefficient 
and a 30% speed margin. Based on the payload and range objectives, the engine thrust size 
and wing area were selected from design selection charts. The size selection was based on 
minimizing takeoff gross weight (TOGW) while satisfying the performance objectives and 
constraints. 

PAYLOAD 

18,143 KG 
(40.000 LBI 

13,608 K t i  
(30,000 LBI 

22 €80 KG 
(50.000 LB) 

The airplanes derived from the “unscaled baseline” configurations by this procedure 
are referred to as “mission sized” configuration or as “sized” configurations. These sized 
configurations are distinguished from the parent uncycled baseline configuration by the 
addition of a small letter after the parent configuration designator. 

Example: 
UNCYCLED BASELINE CONFIGURATION SIZED CONF IGURATION 

CONCEPT NUMBER I 

STUDY PHASE Ill 

CONFIGURATION 
VARIATION NUMBER I 

MISSION SlZFD CONFIGURATION CODE 

This small letter also designates the design mission objectives as shown in table 2. 

TABLE 2.-SIZED CONFIGURATION DESIGNATION CODE 

NOISE OBJECTIVES 

FAR 36 

FAR36 5EPNdB 

FAR 36 
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Typical design selection chart? a r m  shown in figures 17, 18, and Is) for the fixed-swept 
wing, delta wing, and single fuselage j .  wed wing configurations. These design -harts show 
parametrically the effect of thrust/weight ratio (T/W). wing loading (W/S), minimum TOGW 
(EYE). TOGW, initial cruise altitude capability (ICAC), takeoff field Izngth (TOFL), 
approach speed ( V ~ p p ) ,  and ratio of initial cruise lift coefficient to the lift coefficient for 
maximum lift to drag ratio (CLR). All configurations were constrained by the I 1,887 m 
(39.000 f t )  initial cruise altitude requirement. The delta wing configuration was also 
constrained by the takeolf field length objective not to exceed 3505 m ( I  1,500 ft). The 
minimum gross weight represented by the “eye” shown on the paramctric deFign chatt does 
not meet the perfornance constraints. The effects of the design constraints are shown in 
figure 10. 

The performance characteristics of the sizcd configwation for the five concepts are 
summarized in table 3. The corresponding design characteristics are shown in table 4. The 
single fuselage yawed wing configuration (5.3a) ha5 the lowest: takeoff gross weight, wing 
area, engine thrust size, approach speed, and FAR Part 36 noise levels. This configuration 
has the highest cruise litt/drag ratio, L/D. This required a smaller engine with a 
correspondingly lower fuel consumption. 

The fixed swept wing configuration I-2a and the variable sweep wing -onfiguration 
2-2a were appreciably heavier. The primary cause was the high installed nacelle drag 
associated with the double pod arrangements. The pivoting wing struc.dra: weight of 
configuration 2-2a provided an additional detrimental effect. 

The delta wing configuration 3-2a has ihe lightest structural weight. The landing and 
takeoff speeds and field lengths exceed those of the other configurations. This is the result 
01 the low aspect ratio of the delta wing. 

The double-fuselage yawed wing cor,fxguration, 4 2 a ,  has exccllent low meed 
performance but is quite htavy. This configuration could probably be improved wrrh a 
lower aspect ratio wing and a favorable nacelle arrangement. 

Figure 21 contains a grass weight comparison of all of the configurations. 

A flap angle study on the 5-3a cnnfigurarion was made to identify the field length 
versus noise trade, figure 22. At the maximum flap setting, the takeoff speed, and field 
lengths were the lowst .  This setting was used in the parametric charts for the airplane 
sizing. By reducing the flap angle the L/Ds were increased at  the expense of higher liftoff 
‘speeds and longer field lengths. The higher L/D increased the climb gradient and altitude 
over the 6.48 km (3.5 nmi) FAR Part 36 takeoff noise station. This combined with a lower 
engine power setting after cutback reduced the noise level approximately 5 EPNdB. The 
higher LID at approach with lower flap angle reduced the required engwe thrust t o  maintain 
the 0.052 rad ( 3 O )  gli? slope over the 1.85 km ( 1  nmi) FAR Part 36 approach noise station. 
A noise reduction of approximately 2 EPNdB results. However, the approach speed and 
landing field length were increased. 
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NOISE PERFORMANCE STUDIES 

Three levels of engine nacelle noise treatment have been assessed on the study 
configuratio1,s to  determine the TOGW penalty \‘enus noise reduction. The minimum noise 
treatment Iebel consisted of acoustically lined walls of the engine nacelle (peripheral) a:id 
provided the lightest TOGW. The traded noisi: level calculated from FAR Part 36 was used 
as a sin@:: noise level cornparibon criteria. 

The impact on TOGW of acheving lower noise levels, with q y n e  nacelle noise 
treatment, is shown in figure 23. The TOGW increase WJS due to weigh; bcing added for 
acoustical treatment and engine performan-e losses due t o  the acoustic treatment. 

The yawed wing configurations were the on!y configurations found to be capable of 
achieving relatively easily the noise goal of F.4R 36 15 EPNdB. The single fdselage yawed 
wing configuration achieved this objectiv: with a gross weight slightly in excess of 
227.000 kg (500.000 Ib). As showri in :able 3. the yawed wing configuration had a large 
advantage in takeoff and landing performance over the fixed swept and delta wing 
configurations. 

Constant trdded noise levels for model 5-3a as shown on the design selection chart, 
figure 24. indicate that the constrained design was close t o  the minimum noise. At the 
baseline wing loading of 651 2 N/m (136 psf), FAR noise levels versus thrust loading are 
shown on figure 2%. A decrease in thrust loading from the baseline caused the maximum 
noise level t o  become takeoff/cutback dominant compared to  sideline noise. Thrust loading 
of .25 to  .30 caused rapid changes in takeoff/cutback noise level. FAR Part 36 traded noise 
versus TOGW, figure Zb .  showed similar trends to the traded noise versus T/W of 
figure 25a. 

At the baseline thrust loading of .3. F.ZR noise levels versus wing loading are shown on 
figure 26a. Sideline noise was dominant at most wing loadings. The resulting noise versus 
TOGW. figure 26b, shows tittle sensitivity to  wing loading because sideline noise is primarily 
affected by thrust for a given engine -ycle and noise treatment. 

SINGLE FUSELAGE YAWED WING CONFIGURATION STUDIES 

Range Capability Versus Gross Weight 

. The range capability of configuration 5-3a was evaluated with a wing area = 3 19.6 m 
(3440 ft), sized engine thrust (TSLS) of 156.1 13 N (35,100 Ib), a payload of 18,141 kg 
(40,000 Ib), and a cruise Mach number of 1.2, figure 27. The range was affected by: changes 
to the baseline fuel weight, cruise altitude, cruise L/D, and engine SFC. The 11,887 m 
(39,000 ft) minimum cruise altitude constraint was not satisfied at ranges greater than 
5560 km (3000 nmi). At ranges exceeding the design range, inc -easing airplane gross weight 
resulted in a lower altitude capability, lower L/D, increased fuel consumption. and a range 
limit of 7408 km (4000 nmi). 
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Range-Speed Sensitivity Study 

The 5-3a configuration, which was designed for a cruise Mach number of 1.2 and sized 
for a range of 5560 km (3000 nmi), was evaluated to  determine its range capability at cruise 
Mach numbers of 0.9, 1.05, 1.35. The results, as shown in figure 28, indicatej that this 
configuration could achieve the design range of 5560 km (3000 nmi) for the complete 
“boomless” speed regime up to  Mach 1.2. At Mach numbers above Mach 1.2 the cruise 
thrust cannot balance the aerodynamic drag at altitudes that sqtisfy the structui?I speed 
placard. The subsonic range capability is more than 20% greater than the M = 1.2 design 
range. 

Payload Sensitivity Study 

Two additional payloads, 13.605 kg (30,000 Ib) and 22.675 kg (50.000 Ib) were 
evaluated and compared to  the baseline configuration, 18,14 I kg (40,000 Ib) payload. The 
weight, drag, and tail size changes due to  the body length variations were accounted for in 
each of these configurations. 

The results of this study are shown in figure 29. TOCW increased as the payload 
increased. However, the ratio of payload to  TOGW (payload fraction) shows an 
improvement with increasing payload. The sized airplanes for each of the different payloads 
had equal wing loading and the OEW/TOCW was nearly constant. The equal wing loadings 
resulted in increasing wing area with payload. The friction aiid wave drag changes associated 
with the required body length changes were found to  be self-canceling. However, the 
increased wing area, as shown in figure 30, increased the lift/drag ratio. As a result, the 
fuel/TOGW requirements were less. This pruliuced the improvement in payload/TOGW ratio 
with pdyioad size. 

Sized Airplane Definition-Model 5-3a 

A number of trade and development studies were conducted with mission sized 
configurations derived from the parent uncycled baseline configuration 5-3. These include: 

0 Range capability study 

0 Design payload study 

0 Impact of noise on TOGW 

0 Wing aspect ratio study 

The first three studies have been discussed in this section of the report. The wing 
aspect ratio study is discussed in the yawed wing configuration evolution section. 

Figure 3 1 identifies the particular configurations used in each of these studies. 
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Model 5-33 is the primary sized configurdron derived from model 5-3 that has been 
wed in each of these development and trade studies. The configuration drawing on figure 
32. the drag summary on table 5 .  and thz weight statement on table 6. illstrate the 
character .ics of model S-3a derived trom the mission scalars. 
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TABLE 6.-UNCYCLED AND SIZED AIRPLANE WElGHT COMPARISON' MODEL 5.3 

650 
2,460 

10.230 

490 
480 

2,980 
1,940 
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1,390 
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750 
340 

1,810 
1,330 

610 

~~ 

FUNCTIONAL 
GROUP 

1,430 
5,430 

22,560 

1,080 
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6,570 
4,270 
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3,980 
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950 
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1,660 
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~~ 

WING 
HORIZONTAL TAIL 
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BODY 
MAIN LANDING GEAR 
NOSE LANDllJG GEAR 
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ENGINE 
ENGINE ACCESSORIES, ENGINE CONTROLS, 

FUEL SYSTEM 
STARTING SYSTEM 

TOTAL PROPULSION GROUP 

ACCESSORY DRIVE SYSTEM 
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PN EUM AT I CS 
ELECTRICAL 
ELECTRON ICs 
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TOTAL FIXED EQUIPMENT 

EXERIOR PAINT +CUSTOMER OPTIONS 
MANUFACTOR'S EMPTY WEIGHT 

STANDARD + OPERATIONAL ITEMS 
OPERATIOFJAL EMPTY WEIGHT 

MAXIMUM TAKEOFF WEIGHT 

UNCYCLED 
AIRPLANE 
15-31 

KG 
35,830 
1.640 
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6,920 
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11,310 

LB 
79,000 
3,620 
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57,400 
15,250 
4.6W 

24,930 

84,690 1 186,700- 

8,890 1 13,600 

650 
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12,000 

490 
480 

3,030 
1,970 

660 
1,810 
1,390 

430 
5,570 

750 
340 

1,810 
1,330 

61 0 
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2 0 . 7 8 0 4 5 . 8  10 

1,430 
5,430 

26,460 

1,080 
1,050 
6,690 
4,330 
1,450 
3,980 
3,070 

950 
12,280 
1,660 

740 
4,000 
2,930 
1,350 

250 

5,140 
123,840 
226,796 

1 1,330 
273,000 
500,000 

MISSION SIZED 
AIRPLSNE 

( 5 - 3 )  

1,210 
1,493 

6,730 14,830 
4,480 

9,950 I 21,930 

-76,710 [ 169,120 

NOTE: THE WEIGHT DATA FOR THE MISSION SIZED CONFIGURATION, 5-3a. WERE 

WEIGHT .SCALES USED IN THE DESIGN SELECTION PROGRAM. DETAILED 
WEIGHT AND BALANCE ANALYSES WERE NOT PERFORMED ON THIS 
PARTICULAR CON FI GU RATION. 

DERIVED FROM THE UNCYCLED BASELINE CONFIGURATION, 5-3, BY THE 
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YAWED WING CONFIGURATION EVOLUTION 

The design and analysis experience that had been accumulated during the SST 
prototype program and past transonic-supersonic system studies provided a broad data base 
to develop the delta. fixed swept-wing. and variable-sweep configurations. The internation of 
all the aircraft components into an integrated design proved to bc quite straightforward for 
the twin-fuselage yawed wing configuration. Extensive conceptual design and analyses 
efforts were, however, necessary to  evolve the single fuselage yawed wing configuration, 5-3. 

The evolution process summarized in the appendix is discussed in this wction along 
with a review of supporting configuration development trude studies. 

CONFIGURATION DEVELOPMENT 

The major difficulty in developing the single fuselage yawed wing configuration proved 
to  be the integration of the landing gear and engines with the pivoting wing mounted on the 
slender fuselage. The more than 30 conceptual arrangements necessary to  develop the initial 
single-fuselage configuration far exccided the number of arrangements required t o  develop 
the other aircraft concepts (table 7). Some of these early concepts are illustrated in figures 
33 through 38. 

Initial Configuration Definition 

.A high \v i~ ,o  configuurstior. with f w r  engines was selected for more extensive 
development. The wing planform selected corresponded to the quasielliptical wing of the 
wind tunnel model tested at NASA Ames (ref. 5 ) .  This wing had an equivalent elliptical axes 
ratio of IO:  1 which corresponds tn an unswept aspect ratio of 12.7. The characteristics of 
this planform sic: described in the aerodynamics section of this report. 

Qualitative high-wing versus low-wing d e s i p  investigations indicated that a location of 
the pivoting wing high on the fuselage allowed a greater degree of flexibility for developing 
an integrated configuration than a low wing arrangement. Preliminary NASA wind tunnel 
Oztn h30 indicated that the hizh wing installation bas less drag. The relative merits of the 
high-wing versp  low-wing arrangements are summarized in table 8. 

Integrating the landing gear with the airframe requires different design approaches for 
. high-wing and low-wing aircraft. On concepts 1-2, 2-2, and 3-2 where the wing is mounted 
low on the fuselage. the center of gravity, cg, is also located low in the fuselage. In order t o  
provide the aircraft with sufficient stability when maneuvering on the ground a minimum 
angle of 1.05 rad (600) is required between the center of gravity 2nd the contact points of 
the wheels on the ground. This determines the minimum gear tread. Because of the high 
wing location for niodel 5 ,  the ccntcr of gravity is located considerably higher in the 
fuselage and a much larger landing gear tread is required (fig. 39). A high-wing does not 
provide a satisfactory support for the landing gear. Supporting struts extending from the 
lower fuselage were therefore added. The struts were designed to  also support two engines 
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TABLE 8.-LOW-WING VS HIGH-WING COMPARISON 
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and thereby fulfill a dual function. A full front view of the single fuselage. yawed wing 
configuration is shown in figure 40. The landing gear is stowed below the cabin floor. In 
order to avoid interference between engne efflux and the all tlying stabilizer. the second set 
of nacelles were mounted on each side of the vertical fail. The configuration that evolved 
from these considerations is shown in figure 41. 

A detailed drag evaluation of this configuration identificd high wave drag associared 
with the installation of the two rear engines. This design was modified by replacing the tail 
mountcd cngincs by 1 sinde center engine with .S-duct inlet. figure 42. This was the initial 
single fuselage yawed wing configuration analyzed in depth for comparativc evaluation wlth 
the other concepts. 

Configuration Improvement Studies 

Results of the initial detailed configuration evaluations are shown in figure 43. The 
unit wing weight of the single fuselage yawed wing configuration was significantly higher 
than that of the conventional planform configurations. In addition, the wave drag for this 
configuration was higher than had been anticipated. 

Further configuration development efforts were, therefore, directed at  designing an 
aerodynamically improved arrangement with a reduced wing weight. The method emFloved 
was first to reduce the wing unswept aspect ratio from 12.7 t o  10.2 and then to  increase 
overall configuration slenderness ratio by reducing the body cross-sectional area, increasing 
the body length and moving the engines and landing gear away from the concentrhted area 
near the wingbody pivot station. Configurations that were developed to achieve these 
objectives are shown in figures 44 through 49. 

Based on the qualitative assessments shown in tables 9, IO, and 1 I ,  and weight V ~ ~ S U S  

drag evaluations summarized in table 12. the aft-integrated engine arrangement, 5-2-8A, was 
selected for detailed development and definition. This lead to  configuration, model 5-3,  
which incorporated a wing with an elliptic axes ratio of 8:l (aspect ratio= 10.2). 
Subsequent studies have indicated that this is nearly the optimum elliptic axes ratio for this 
configuration. The detailed characteristics of this configuration are discussed in the 
configuration description section. 

The results of the reduced span and configuration improvement efforts as summarized 
in figure 50 provided a significant reduction in the size of the airplane required to  achieve 
the design mission objectives. 

BYPASS RATIO STUDY 

The sensitivity of the single fuselage yawed wing configuration to engine bypass ratio 
was investigated on the three-engine arrangement 5-2-4 (fig. 42). The bypass ratio 1 engines 
were replaced with bypass ratio 4 engmes. The redesigned confi;*,ration with the bypass 
ratio 4 engines is shown in figure 5 1 .  The configuration was resiLect t o  achieve the design 
mission. 
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FIGURE 49.-GENERAL ARRANGEMENT, MODEL 5-2-8A 
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TABLE 3.-CONFIGL'RAffON ASS_CSS,'MENT 

TA 8 L E IO. - PROP3 LSION- NOISE ASSESSMENT 
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TABLE 11.-FLIGHT CONTROLS ASSESSMENT 
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i h e  r e d t s  of this study are shown in figure 51. The bypass ra t io4 ,-onfiguration is 
significantly heavier than the bypass ratio I anfiguration having the same type of acoustic 
treatment. 

Increasing t k  acoustic treatment on the bypass ratio 1 engine by addition of a jet 
suppressor indicates that even at equal noise levels the bypass ratio 1 configuration is a 
much lighter amngement. The higher bypass ratio configurrrtim suffers from the weight 
penalty associated with the rapid growth in engine size required to produce the same rhnist 
at the cruise altitirde as for a Iowa bypass ratio engine. 

WING DEVELOPMENT STUDIES 

A weight versus drag trade study was made to  determine the optimum wing 
thickness/chord ratio for 8: 1 and 6: 1 for elliptic axes ratio wing planforms. The 8: 1 elliptic 
&xes ratio wing with a maximum unswept thickness/chord ratio of 12% was selected as the 
reference configuration. The variations of wing weight, OEW. and drag. CD. with thickness 
ratio are shown in figure 53. These variations in weight and drag were combined and 
equated to  equivalent takeoff weight changes, TOCW, by sensitivities derived for the single 
body yawed wing configuration 5-24.  

These results show that the thickness/chord ratio of 12% is close to  the optimum 
thicknessjchord ratio for the 6: 1 wing. The unconstrained optimum thicknessichord ratio 
tor the 8:l wing exceeds 12%. Because the increased possibility of buffet and flow 
separation for thick wings, the wing maximum thickfiess has been iimited t o  12% in this 
study. 

During the configuration development studies on the single fuselase yawed wing 
configuration, the effect of reducing the wing e!lirtic axes ratio from 1O:l t o  8:1 was 
investigated on the threeengine configuration 5-2-4. The elliptic axes ratio effect was 
further investigated on the aft integrated engine corlfiguration 5-3 by reducing the elliptic 
axes ratib from 8: I to 6: 1. The combined results of these studies are shown in figure 54. 
Tlie wing aspect ratio has a profound influence on the design takeoff gross weight. 
Furthermore, the elliptic axes ratio 8: 1 wing (aspect ratio = 10.2) is bery nearly optimum 
for the single body yawed wing codiguration. 

YAWED STABILIZER 

The single fuselage yawed wing configuration developed in this system study 
incorporated a conventional swept planform horizontal stabilizer because of design 
simplicity. One of the possible arrangemcnts for utilizing an oblique horizontal tail 
investigated for the threeengine configuration, 5-2-4, is shown in figure 55. The tail is 
located above the fuselage with the supporting structure inside the fuselage. The leading 
edge is aft of the vertical tail rear spar. In this way, neither the stabilizer nor the elevator 
will interfere with the body and fin during all modes of operation. Spanwise cutouts in the 
elevator arc not likely to be required. Support of the stabilizer in the body will result in a 
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THICKNESS/CHORD - % 

SCYSlTlVlTlES BASED ON 5-24 
C~ - .oooi - AOEW = 454 KG (1000 LF! ATOGW - 1 814 KG (moo LB) 

FIGURE 53.-YAWED WING THICKNESSSTUDY RESULTS 
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PAYLOAD = 18143 KG (10 OOO LB1 
RANGE - 5!560 Krn (3OOO NMI) 
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40000 

30m 
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ELLIPTIC 
TAKEOFF GROSS WEIGHT AXES RATIO 

- 
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- 
LB - 
50000 . - 

- 
0 1  
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' \  -- 
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\ 

tbla = 6  

\ 
\ 

REFERENCE / b/a = 10 
\ 
\ 

.* / / 

/ 
/ 

Y 
/ 

6.0 8.0 10.0 12.0 14.0 

UNSWEPT ASPECT RATIO 

FIGURE 54.-WING ASPECT RATIO STUDY RESULTS 
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short and efficient structural load path. Tt. use of a yawed stabilizer could offer potential 
performance benefits by a reduction in  the aerod:inamic drag, and a possible reduction in 
the required tail size. This would require a detailed study with supporting wind tunnel data. 

BODY CROSS-SECTION STUDY 

The minimization of body cross-sectional area is aerodynamically important on 
transonic and supersonic configuratio1,s. A blended strut-body arrangement was examined as 
a possible approach to reduce the body area on the three-engine configuration 5 - 2 4  
(fig. 56). 

The passenger cabin for this arrangement was locally interrupted for gear storage. The 
forward and aft passenger compartments were connected by a narrow corridor. The 
reduction in fuselage depth eliminated the underfloor cargo compartment. Fuselage length 
was therefore added for storage of passenger basage on the upper floor. Further 
lengthening of the fuselage was necessary in order to make up 1;.r the passenger floor area 
that was lost for landing gear storage. 

3 
The modification rctluced the fuselsge cross-sectional area by more than 2.78 mc 

(30 ft2). This combined with the increase in length reduced the supersonic wave drag of the 
fuselage substantially. The structural design of tl fuselagr however, would be com- 
promised considerably. The effect on passenger appeal of a partially windowless fuselag. 
would have to be examined. The results of this study are summarized in figure 56. 
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CROSS SECTION COMPARISON 

OLD (FUSELAGE +STRUTS) 16.0 m2 (1 72 FT2) 
NEW (FUSELAGE + STRUTS) 12.5 m2 (135 FT2) 

-3.5 m2 (-37 F T ~ )  
+7.6 m (25 FT) 

A AREA 
Ai! BODY 

CONCERNS 

0 FUSELAGE STIFFNESS (+ WEIGHT) 
0 WING PIVOT SUPPORT (+WEIGHT) 
0 NONCIRCULAR PRESSURE SHELL (+WEIGHT) 
0 ADDEDBODY LENGTH (+WEIGHT) 
0 STRUCTURAL INTEGRATION (ENGINE & LANDING GEAP' (+ WEIGHT) 
0 LOSS OF WINDOWS, SERVICES (PASSENGER APPEAL) 

FIGURE 56.-BODY CKOSS-SECTION STUDY 
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CONFIGURATION ANALYSIS AND VETHODS 

This section contains a description of the design and analysis methods thr.  havc been 
used in the study. The technology levels assumed in the development c;f the configurations 
are identificd. The results of specialized s tudio :hat impact the development of the 
configurations havc also been includ8.d. 

AERODYNAMICS 

The aerodynamics tasks included the following: 

0 Aerodynamic design integratior, of the live hasi; concepts for cfficicnt !light. 

0 Development of the aerodynamic characteristics 01 th: configurations by 
specialized tradeoff studies. 

0 Integration of a compatible high lift system for each concept. 

0 Evaluations of the aerodynamic characteristics of all concepts to provide the 
necessary resizirg data for ti- 1’ 4 .  performance c;ilculations. Thew lncliided 
both flaps up cruise configuratib. \2$ as well as the flaps down takeoff and 
landing evaluations. 

The theoretical methodr used in tl-c ;w-dynamic design and analyses studies were 
modified to permit apQlication to  thc yawed v : configuiations. 

Aerodynamic design characteristics were developed ‘or each of the iirplane concepts. 
The high spec 1 cruise and the low +.-d landing and takeoff aerodynamic data were 
calcula!, d for the study configurations. Low speed aerodynsr ,. cnlculations were also made 
for the single fuselage yawed wing configur:c!:on to compare the takeoff s n i  landing 
perforniance with and without rotation. 

Parametric and off-design aerodynamic data were dtveloped for thz airplane sizing, 
trade, and sensitivity studies. 

Aerodynamic studies were also undertaken to obtain a better understanding of 
. wing-nacelle interference and body-nacelle interference at  transonic speeds. 

Aerodvwmic Design .lpproach 

The aerodynamic design approach was to design for minimum crui ag within 
practical design constraints. These practical constraints which impact such t..-,,gs as wing 
t ~ c k n e s s  distribution, wilig aspect ratio, airfoil shapes. and nccelle location are necessaq to 
provide a balance between dcrodynamic, structural, and configuration arrangement 
requirements. The aerodynamic characteristics for all of the concepts were developed by 
similar procedures as summarized in table 13. 
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TASL E 13.-DtSIGW SEL ECi ON PROCEDURE 

lHlCKNESS 

CAMBER & TWIST 

STRWTU -CONSTRAINTS 

WEIGHT VS DRAG TRADE STUDIES 

UEVELOF'ED BV LlkEAR THEORY 

I 
AREA DISTRIBUTION AREA RULE0 TO MINIMIZE CRUISE DRAG --- -- 

I 
I 

NACELLES 

SHAPE I 
I ~P9ANGEMENT 

DICTATED BY ENCINE SIZE. AERODVNAMIC. 
WIGHT CONSIDCRATIONS AND CONFIGURATION 

LOCATIONS Crb 'IGURATION ARRANGEMENT AN0 
AE ROOY NAMlC CONSIDE R t  :IONS 

PC 9NFORM 

THICKNESS -I WEIGHT VS DRAG TRADE STUDIES 

SET BY FLIGHT CONTROL REQUIREMENTS 

TAILS 
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Wing Definition 

A mlistically optimized wing planform requires a delicate balance between the often 
conflicting demands imposed by aerodynamic. control. configuration. and weight sonsider- 
ations. Previous contractor transonic/supersonic aerdynamic/weight trade studws were 
reviewed to  aid in the selection of the wing planforni and thickness d ixxfe r iC t i a  for the 
fixed swept wing. vaiable sweep wing. and delta wing coniigurations. 

The €32707-300 S!jT wing planform and thickxss distribution wer- used for the delta 
wing contigdration (model 3-2). Previous aerodynamic studies had shown that this was close 
to  the optimum transonic planform for a low aspect ratio delta wing 

The outboard leading edge sweep for the variable $weep planform of model 2-2 is .96 
nd (55"). This is close t o  the optimum swzep for a moderate aspect ratio planform. The 
wtboard leading - d g  sweep for the fixed wing of model 1-2 is .87 rad (50"). This is less 
than the optimum sweep but provides a greater aspect ratio (more s p n )  for the low speed 
conditions. Both the variable sweep wing and fixed swept wing have supersonic tniling 
edges to  reduce the structural span lengths. The inboard trailing edges wtre extended in the 
streamwise dim-tion on both planforms out to approximately 40% semispan. This provides 
additional wing depth and volume without increasing the thickness/chord ratios which 
influence the wing wave drag. Increasing the inboard leading edge sweep IS aerodynamically 
beneficial for the fixed wing and variable sweep wing configuration. This leading edge 
"strake" helps the configuration arrangements by providing additional depth for the front 
portion of the landing gear box. Leading edge strakes, however, can produce severe wing 
pitch up. A review of B2707-300 SST wind tunnel data established that a strake comparable 
with thc 82707-300 strake would !e acceptable. The spanwise thickness distributions were 
derived from the results of previous trade studies. 

The yawed wing planform that has k n  studied and tested at NASA-Ames (ref. 5 )  was 
initially selected for the yawed wing concepts. The elliptic axes ratio of the planform was 
subsequently reduced from 13: 1 to 8: 1 as a result of detailed Neight vs drag trade studies. 
Since the design objective for all of the wings was to  minimize cruise drag, a study was made 
to determine the optimum cruise sweep angle. An aerodynamic parametric analysis and 
optimization program that combines the analytic wake drag and dragdue-to-lift for a yawed 
elliptic (refs. 5 ,  6, and 7). and the skin friction method of reference 8 war used to calculate 
the isolated wing lift/drdg ratios. The design cruise sweep angle was selected as the angle for 
maximum isolated-wing liftlarag ratio. Typical resuits are shown in figure 57. The sweep 
angle which maximizes the wing liftldrag ratio depends primarily on the elliptic axes ratio 

'and wing thickness and provides a normal Mach number that is below the critical Mach 
number of current technology airfoil designs. As the design Mach number is increased, the 
optimum wing sweep increases to  maintain approximately the same normal Mach number. 

An elliptic sparwise variation of thickness was selected for the * iwed wing. This is the 
thickness variation for minimum wave drag (ref. 6). The maximum cnswep: thickness to  
chord ratio was limited to 12% to allow the wing to  achieve its design potent;::! without 
encountering flow separation. The selected spanwise variation of thickness, as shown in 
figure 58, has significantly l e s  wave drag than the type of thickness distribution that has 
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been used on the earlier NASA wind tunnel models. An airfoil shape was selected to provide 
the necessary spar depths with a generous leading edge radius. This urne airfoil was used for 
JI of the planforms. 

The twist dstributions for the conwntiuiial planforms. :is shobt., in fig irc 00, h v e  
w t r e  :arir?tions in the area cf the hods, iicar !!IC strske jur.ctiar: x i d  iicar thc t ip ri.gio:i. 
Modifications in the twist distributions were necessary to remoie thest, discontinuitit3 
introduced by the linearized theory. As a result of the modifications. these planforms 
cannot achieve the theoretica! minimum drag due to it.  

The smooth design camber and twist distribution for the yawed wing should br. able to 
arhiew n * d v  the  minimum drag due to lift. The main area of concern is the possibility of 
trailing edge separation induccd by the pressure gmdicnts near the trailing cdge. 

The numerical calculation procedure for the yawed wing was checked by comparisons 
with the exact theory minimum drag due t o  lift (ref. 7). An example of t h s  comparison is 
shown in thc upper right corner of figure tiO. 

Body Design 

The bodies for nll of the configurations were area ruled to minimize the volume wave 
drag by the use of the transfer rule described in references 9 and IO. The nacclles on the 
low-wing conventional planfor.71 configurations were shielded from the body pressure field 
by the wing. The bodies for these configurations were therefore area ruled onl! in the 
presence of the wing and tails (fig. 61 ). 

T k  nacelles on the yawed wing configurations are strongly influenced by the body 
pressure field. The body area ruling for these configurdions considered the wing. tails. and 
nacelles. 'The aiitomated numerica! piocedures used for area ruling the conventional 
planform is shown in figure 62. This numerical proc-edure was adaoted for the yawed wing 
applications as shown in figure 63. The wing area distribution was calculated as one-half the 
sum of the area distributions of an equivalent swept forward wing and an equivalent aft 
swept wing. The wing area distribution was then converted to an equivalr.nt.area center 
nacelle and then input with the other airplane components into the standard program. 

Nacelle Considerations 

The nacelle shape, size, location. and operating conditioqs all influence the nacellc 
interference with the other configuration components. The nature of the aerodynamic 
interference is strongly affected by the aircraft cmfigiration arrangement characteristics. 
The dominant interfirence effect is between the nacelles and the wing on the delta wing, 
fixed wing. and variable sweep configurations. The dominant interference effect is betweer. 
the nacelles and body on the yawed-wing configurations. 
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I COMFONENT GEOMCTRV 

~ L C U L A T I O N S  

1 

I BODVCONTROI AREAS 1 

AREA DISTRIBUTION SHAPC BODV 

I ‘  --’ I 
WAVE DRAG CALCULATIONS DECK PLAN I I  F 

AR€A RULE BOD! SHAPE 
DECK PLAN LAVOUT 
ACTUAL NO OF 
PASSLNGERS 

COMPONENTS OUTPUTS -- 
FIGURE 62.-CONVENTIONAL PLANFORM AREA RULE PROCEDURE 

STEP 1 WING FOUlV4CFNT BODY GENERATION 
SWEPT FWD WING C ’7  W”& 

STEP II. CONVERT WING ARE4 DISTRIBUTION TO CENTER NACFLLE” 
AND INPUT WITH TAILS 4ND BODV NMCELLES 

WING EOUIVAL€NT RODV 

FIGURE 63.- YAWED WING CONFiGUR.4 TION AREA RULE PROCEDURE 
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The analyses of the early baseline configurations indicated that the nacelle instdled 
drag was a major drag item olr all of the configurations. Studies were therefore initiated t o  
gain a better undemanding of transonic installed nacelle drag. The results of these studies 
are discussed in the nacelle-airplane integration siudies section (page I 14). 

The linear aerodynamic theory numerical methods (refs. 9, IO. 1 1 .  14. m d  1 5 )  that 
have been used for the aerodynamic design of the study configurations arc' summarized in 
table 14. 

Figures 64, 65. and 66 illustrate the aerodynamic <.onfiguration delinitions for the 
fixed wing, delta wing, and siiiglc-fuselage yawed wing configurstionl,. 

Aerodynamic Analysis Approach 

The drag calculation methods (refs. 8 and 1 2  through 15)  thdt have been used for a11 o f  
the configurations ;ire summarized in table 15. Thesc methods which wert. used in the 
contractor SST development studies have been well substantiated for conventional aircraft 
configurations by numerous test vs theory comparisons such as those of figure 67. Although 
the theories are equally applicable for coilfigurations without lateral symmetry, modifica- 
tions tu the numerical methods were necessary for the yawed wing analyses. 

The trim drag for any configuration depends on a number of things that include the 
required tail trim angle, the wing drag due to lift, the downwash in the region of the tail, 
and the lift coefficient. The required tail angle is determined by the required moment to be 
:;mmed, the tail trimming effectiveness, the center of gravity location, and the elastics of 
Ill, airplane. 

The minimum theoretical trim drag as shown in figure 68 has been used throughout 
this study for all airplanes. This was necessary since the pitching moment charactt?ristics and 
the tail trim capability must he determined by test data, and a detailed aeroelastic analysis. 
This is an area where further study is necessary to develop the trim drag characteristics of 
each configuration. 

Baseline Configuration Evaluations 

The cruise drag polars, wetted areas, and co-ponent drags for each of the five 
uncycled baseline configuration concepts are shown in tables 16 thrwgh 20. A similar cruise 
drag describtion for the mission sized configuration 5-3a as developed by the drag scalars is 

.shown in the perforn.ance section (table 5 ) .  

A cruise drag comparison of the various uncycled baseline configurations is shown ; i r  

figure 69. The friction drag is nearly identical for all configurations. The double body 
configuration friction drag increase is the result of the increased wetted aiea of the two 
bodies. The effect of tn;: iugher aspect ratio in reducing the drag due to  lift is quit:: evident 
for the yawed wizg configurations. A niajor difference in drag for the contigurations was 
found to be the wave drag due to volume. 
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TABLE 14.-AERODYNAMIC DESIGN METHODS 

Aerodynamic design item 9 
Camber and twist 

distribution 

Body contouring 

Nacelle design and 
locat ion 

e Thickness interference 

0 Lift interference 

Method 

Middle ton -Car lson 
Mach box  

Transfer rule 

0 Area rule program 

0 Modified Middleton-Carlson 

heference 

11 

9 

10 

15 

14 
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TABLE 15.-CRUISE DRAG ESTIMATION METHODS 

Crag component 

CDF. . . . . . friction drag 

"0 

__ 
Method 

0 Sommer and Short T' method 

CDw. . . . . .wave drag 

CDL. . . . . .drag due to lift 

CD,,,,. . . .trim drag 

CDmiSc. . . .miscellaneous 
drag 

Roughness drag 
0 Air conditioning 
0 Propulsion system 
0 Struts 

0 Supersonic area rule 
0 Linear theory wing and body 

thickness pressures 

0 MiddletonCarlson Mach box 

0 MiddletonCarlson Mach box 

0 SST procedures 

0 Twodimensional transonic 
similarity 

Reference 

8 

15 

12,14 

13 
- 



THEORETICAL ESTIMATES 

FRICTION ORA SOMMER & SHORT “T” 

SUPERSONIC MACH BOX 
WAVE ORA AREA RULE 

DRAG DUE TO LIF  

tu t 
0 

COMPLETE MDDEL 
M = 2.7 

111 
‘024 

M = 2 7  

- NACELLE -- DRAG 
M = 2.7 

laxLwmQ 

LIFT INTERFERENCE 

F lGURE 67. - TYPlCA L TEST- THE Of? Y COMPA RlSONS 
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TRIM DRAG = fN ( ~ H T A ~ L ,  e ,  KE, CL, ETC) 

* C M ~  
C.G., ELASTICS, - , ETC) N 

*HTAI L = f (CMO~ 

"D 

= CONSTANT 

* - . I  "MINIMUM" USED IN THIS STUD7 

TAIL ANGLE, bH 

FIGURE 68.-TRIM DRAG 
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TABLE 19.- CRUISE DRAG SUMMARY, MODEL 4-2 
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TABLE 20.--CRUISE DRAG SUMMARY, MODEL 5-3 
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The isolated and integrated wave drag buildlrp for each of the unsized configurations is 
shown in figure 70. The conventional airplanes and the single-fuselage yawed-wing 
configuration all have a net favorahle interference. The double pod installed drag on the 
fixed wing and on the variable sweep is significantly higher than the single pod installation 
on the delta-wing concept. This is the result of the large size of the nacelles. 

The integrated drag of the double-body yawed-wing concept is significantly higher than 
the sum of the isolated drags. This is primarily due to  the unfavorabk interference on the 
tail-mounted nacelle installatior?. 

It should be possible to  integrate the nacelles for no more than isolated nacelle wave 
drag. This drag level with zero nacelle interference has been used to  identify the “drag 
potential” for the double fuselage yawed wing configuration. T o  achieve this reduced drag 
level, the nacelles would have to  be separated. This car. be acheved b i r  moving the nacelles 
forward on the fuselage. 

Low-Speed Capability and High Lift Systems 

Estimation Methods and Proceduies 

The lowspeed aerodjxamic characteristics of the study configurations were estimated 
by methods used by the contractor for preliminary design configurations on which no wind 
tunnel data exists. In general. the procedures were based on theoretical considerations but 
were tempered by flight test and wind tunnel data wherever applicable. For rapid evaluation 
of lowspeed characteristics, the procedures described briefly below have been programmed 
for processing by the CDC 6600 compgter. 

The basic flaps up lift cwve was constructed from a zero angle of attack intercept and 
a lift curve +pc w!iic?! is a furction of aspect ratio, thickness ratio, and quarter-chord 
sweep anple. ‘13e slop was adjusted for the effect of the bod,. and for the addition to  wing 
pianform area effected by the extension of leading and trailing-edge flaps. The maximum lift 
coefficient of the b z x ,  flaps-up w n g  was determined according t o  aspect ratio and 
quarter-chord sweep angle. 

Leading edge devices reduce the lift coefficient in the linear lift range and this effect 
was computed using a theoretical value for flap effectiveness and part span effects. The lift 
increments due to trailing-edge flaps were .etermined from empirical section flap 
effectivcness data. Adjustments were made to  account for three-diraensional effects and the 
’geometry of the flap system. 

The maximum lift increments due to  leading edge and troiling edge flaps were 
determined from empirical data that has been correlated in terms of the ratio of leading 
edge device arec to  wing area, rat13 of trailing edge device m a  to wing area. and ratio of 
wing arm subtended by ilays to to!al wing area. 

Drag polars were constructed by estimating the minimum parasite drag of the flaps-up 
conlieuration at ‘jpical takeoff and lapding Reynolds numbers at s e ~  level. Increment. t o  

105 



.ow 

CDrr*"t 

.a10 

.w6 

A t 
4 

2 2  

FIGURE 70.-lJA'CYCL ED CONFIGL'RATION CRUISE VVAVE DRAG COMPARISON 



minimum parasitc drag for leading 3nd trailing edge devices were added from test data 
correlated on the basis of flap to wing area ratios, flap chord ratios, type of flap Ind flap 
deflection. Slotted, trailing edge flap parameters were evaluated in terms of the extended 
flap chord ratios. 

Drag due to lift was added 3s C L ~ / Z A R  then modified by additional drag terms. 
Additional parasite drag, ACDP, was applied as a function of CL - Q p ,  necessitating the 
determinatior of an increment to CLP for leading ar.J trailing edge devices. Again, this was 
evaluated from empirical data as a functiw of planform area to  wing area for the leading 
edge flap and as a function of lift increment for the trailing cdge flap. An additional drag 
due t o  lift, ACQ E, term was added to account for the discontinuous span loa& ..: due to 
the part span &ps. This term was evaluated using constants obtained from Royal 
Aeronautical Society data shezts. 

Pitching moments were evaluated by first estimating the zero lift pitching mo:nent, 
C M ~  and aerodynamic center of the basic flaps up configuration then sdrling the increment 
produced by the flap lift acting at its estimated center of lift position. 

The incremental buildup of the above process is sketched in figui: 71. 

Ground effects were estimated from relationships derived from the computaiion of the 
effects of a vortex image upon a simple horseshoe vortex. The predominant efiects arc the 
reduction in downwash allowing a given lift to be produced at a lower angle of attack and 
the reduction of freestream velocity resulting in reduction of all coefficients at a given angle 
of attack. This procedure has shown reasonably good agreement with test data. 

Low Speed Ciaracteristics Summary 

A summary of the low speed aerodynamic data for the study configurations in terms of 
seconc’ scgment liftldrag ratios (L/Dv2) versus lift coefficient ( C L V ~ )  and operating 
attitudes for takeoft’ and landing is shown in figure ?2. The 5-3 configuration summary 
curve is shown both with and without leading edge devices to shot the large lift/drpe 
increment associated with the leading edge flaps, particularly at low valuc-s of trailinr 
deflection. The “without leading edge” curve also provides a better comparison wit.. 
other yawed wing study configuration 4-2. The reduction of second segment lift/drag nfio 
of 5-3 from 4 2  is attributed to the lower a:gect ratio and the large effective flap chord of 
the 5-3. Low speed performance of the 5-3 was based on the data with leading edges 
extended. 

High Lift System Definition 

Wing planform and flap system geometry are shown in table 21. All of the lo\. .pwd 
analyses were performed using a nominal wing area of 465 rn2, (5030 ft 2 ). 

Rotating vs Non-Rotating Configurations 

The nonrotating takeoff and landing procedur.., for the single fuselage yawed wing 
configuration, 5-3, are unorthodox for transport category airplanes but shoiild present no 
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TABLE 21.-WING PLANFORM AND FLAPSYSTEM PARAMETERS 

C'IC = 1.2 

br/b = 0.74 

:ONFIGURATION 

1-2 

(ARROW WING) 

!-2 

(VARIABLE SWEEP 

WING) 

B- 2 

(DELTA WING) 

1-2 

(ELLIPTICAL 

WING) 

NOM IN A L PLAN FORM 

SREF. 465.5 m2 15000 FT2) 

STRAP, 391.1 m2 ( a n 0  F T ~ )  

C14. .803 RAD (46 DEG) 

AR 3.97 

h 0.30 

b. 39 41 ni (129 3 FTI  

FLAP SYSTEM 
CURVED L.E. FLAP. C L . E , / ~  = 0.10 

DOUBLE~SLOTTED T.E. FLAP. 

CfiC = 0.30 

CAiCf = 0 40 

CIC = 1.25 

bfib - 0.35 

SREF. 465.5 rn2 (5000 FT21 

STRAP, 359.5 m2 (3870 FT2) 

Ci4. ,262 RAD (15 DEG) 

AR (UNYAWtD) 5 55 

h 0 31 

b, 44 65 m (146 5 FT) 

CURVED L E. FLAP. CL,E,/C = 0.10 

DOUBLE SLOTTED T.E. FLAP. 

CflC = 0.30 

CAICf = 0.90 

C'IC = 1.25 

bf/b = 0.40 
~~ ~~~ 

sREF, 506.3 m2 1 ~ 5 0  F T ~ )  

STRAP, 506.3 m2 (5450 FTZ) 

c14. ,733 RAD (a2 DEG) 

AR 2.56 

x 0.13 

b, 36.06 m (1 18.3 FT) 

DROOPED L.E. FLAP, 

SA ' I E AS 2707-300 

PLAIN T.E. FLAP, 

SAME AS 2707-300 

bllb = 0.59 

SREF, 465.5 m2 (5000 FT2) 

C14.0. R A D  (0  DEGl 

AR (UNYAWED) 12.75 

10: 1 

x ELLIPSE 

b. 76.93 m (252.4 FTI  

SREF, 465.5 rn2 (5000 FT2) 

U 4 . 0  RAD (0  DEG) 

AR (UNSWEPT) 10.2 

8 :  1 

A ELLIPSE 

b, 68.88 m (226 FT) 
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operational problems since the concept has long since been proven on such airplanes as the 
B47 and B-52. thscusions with B-47 and 8 5 2  pilots verified the opentional simplicity of a 
nonrotating configuration. At a speed slightly below scheduled liftoff s ~ e d  a small amount 
of back pressure is appiied to  develop a definite upward accelerktion to prevent the airplane 
from skipping along the runway when lift and wcight are nearly equal. The flare out of the 
landing approach requires very little change in airplane attitude to achieve a “two point” 
touchdown. Both gears touching simultaneously or rear gear first is the preferred 
touchdown procedure as nose gear first tends to  make the airplane porpoise. 

Although a nonrotsting configuration could be certified under current Federal Air 
Regulations 3 reexamination of FAR 25 would be recommended. prticularly with r ep rd  to 
the section relating rotation speed. liftoff spwJ nnd minimtim upstick speed. 

Since the ground roll attitude is, in effect. the geometry limit. normal takeoffs would 
be performed at essentially minimum unstick speed. As shown in figure 73 these liftoff 
speeds provide adequate xfety margins and requiring the airplane to lift off at speeds higher 
than minimum unstick would unnecessarily penalize takeoff performance. 

The low spccd aerodynamic characteristics which were calculated for modct 5-3 as 3 
rotating and as a nonrotating configuration are compared in figures 73 and 74. The 
performance calculations of the nonrotatable 5-3 were based on an mgle of attdck of .026 
rad., ( I  .5 deg). equal to the wing incidence angle. 

The second segment operating point was assumed t o  be at the same lift coefficient as 
liftoff. Landing approach was assumed at .026 rad., (1.5 deg), angle of attack, thus the 
landing flare wcild require an attitudz change of only glide slope angle minus .026 rad (1.5 
deg). Figure 73 indicates the differences in attitude and lift coefficient for a rotating versus 
a nonrotating configuration. At the maximum flap deflection irivestigated. .785 rad (45 
deg), the nonrotating liftoff speed is 6.18 mlsec ( 1  2 knots) higher than that of the rotating 
airplane. Approach speed is higher by 2.06 mlsec, (4 k-ots). 

l‘igure 74 shows similar lift/drag ratios for the two configurations when operated at  the 
same flap setting, but a lower L/D for the nonrotating configuration when operating at the 
same speed. Elimination of the leading edge device would provide a substantial improvement 
in low speed performance, particularly at low flap angles. Elimination appears feasible for 
thc 5-3 since the operating speeds would still be higher than the cuirent 1.2. Vs and I .3 Vs 
requirements of FAR 25 for all but the highest flap deflection. 

. The large difference between nonrotating operating speeds and 1.2 VS leads to a 
possible operational concept to  rcduce sideline noise. The configuration performance 
section (fig. 25a) indicated how quickly takeoff noise rather than sideline noise becomes 
critical as thrust is reduced. If field length were not critical, takeoff thrust could be reduced 
to minimize sideline noise. After liftoff the airplane could contitiue io rotate to  the attitude 
for 1.2 Vs. thus trading excess velocity for altitude. 
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Planform Study 

The low speed characteristics of the yawed wing, nonrotating configuration were 
calculated for two planforms. The basic nonrotating configuration, 5-3, had an 8:1 ellipse 
planform with an aspect ratio of 10.2. Configuration 5-3-1, had a 6: 1 ellipse planform with 
a ~ i  aspect ratio of 7.65. Characteristics of the 5-3-1 are shown in figures 75 and 76. 

Although operating speeds for the 5-3-1 would only be a few meterslsec faster than for 
5-3, lift drag ratios would be reduced by several units. This would be detrimintal to the 
landing and takeoff perform m e  and community noise. 

Nacelle-Airplane Integration Studies 

1 ransonic or supersonic nacelle installed drag is critically dependent upon the aircraft 
configuration arrangement. A number of studies werc undertaken to provide a better 
understanding ot the nacelle interference drag at transonic speeds. These studies 
investigated: 

0 Nacelle separation and stagger effects 

0 Engine arrangement effects on nacelle installed drag. 

0 Engine size effects on wing-mounted, body-mounted and buried engine 
arrangement:.. 

Nacelle Drag Factors 

The factors that contribute t o  nacelle drag on a conventional wing installation such as 
on the fixed-swept wing. variablesweep wing and delta-wing arrangements are summarized 
in figure 77. 

The major w3ve drag interference components on wing installations include the 
wing-nacelle buoyancy drag. the mutual interference between adjacent nacelles and the 
reflection drag of the nacelle pressures glancing off the wing back on to  the nacelle. 

The major interference drag components for a body mount engine installation include 
the mutKal interference between adjacent nacelles plus the body-nacelle buoyancy drag. The 
mutual body buoyancy drag and the reflection drag of the body pressures bouncing off an 
-adjacent planar surface on to itself, as shown in figure 78, are quite similar. 

When two :,iutual bodies are close to each other the drag on each is neirly doubled. As 
the bodies are separated, the positive compression from the front of the bodies pushes from 
the back ot' the adjacent. This creates faborable interfertnce ardd car  prodme a sitabl.: 
reduction in drag. Staggering two adjacent bodies can produce a similar effect. In this case 
tire nose comprtssion pressures from trailing body push on the aft end of the forward body. 
The aft expansion pressures of the forward body pull on the nose of the trailing body. The 
combination of these two effects can produce favorable interference. 
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Nacelle Stagger and Separation 

A theoretical study of the combined effects of nacelle separation dnd stagger for a 
body mounted nacelle installation was conducted to  provide aerodynamic design guidance 
for the yawed wing configurations. Tne body mounted nacelle installation on the early 
single fuselage yawed wing configuration 5-24 was selected as the base configuration for the 
study. Wave drag calculations wcre made at various separation distance between the nacelles, 
and for various amounts of stagger at  the difference separation distances. In all cases the 
nacelles were staggersd equally fore and aft to maintain the same center of gavity location 
as on model 5 - 2 4  For each nacelle location the fuselage was area ruled to  minimize Mach = 
I .2 wave drag. The mutual nacelle interference drag, and the body-nacelle interference drag 
were calculated for each loczimn. In addition, the change in body wave drag associated with . 
the required body area ruling (body shape drag) was zlso determined. 

Thc results of this study as shown in figure 79 indicate that the lowest wave drag 
installation occurs when the nacelles are mounted close to  the body without stagger. The 
mutual nacelle interference is high but the body area ruiing produces a strong favorable 
pressure field that results in a net reduction in drag. The body shape drag partly cancels 
tk, effect. 

Staggering the nacelles locat2d close to the body (separation distance = 2 4 nacelle 
diameters), reduces the mutual interference and body shape drag. However, the corre- 
sponding loss in body-nacelle interference makes nacelle stagger undesirable. The effects of 
nacelle stagger for a separation distance equivalent to  that cn 5-2-4 (4.75 diameters) are 
quite similar. 

The effect of nacelle shape, and further aft nominal nacelle locations and other Mach 
numbers were not investigated. 

Engine Arrangement 

A number of various engine installations were considered during the development of 
the single-fuselage yawed wing configuration. A comparison of the nacelle installed crui.>e 
drag for some of these arrangements is shown in figure 80. 

The high installed drag of the 4-engine arrangement was primarily duc to  the 
untavorable interference drag of the pair of tail mounted dngines which is effectively a 
double pod installation. 

The tail mounted nacelles were replaced by a center engine with an “ S  duct” and the 
engines were increased in size to provide the same thrust as the 4-engine arrangement. The 
nacelle friction drag was essentially unchanged but a net favorable interference drag was 
achieved. 

In order to  identify the drag associated with the intergrated nacelle installation a 
comparable airplane configuration without engines was aerodynamically designed and 
analyzed. The changes in total skin friction drag relative to  the “no engine” body friction 
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drag was called “nacelle friction drag.” The “nacelle wave drag” included all of the wave 
drag differences between the integrlted engine configuration and “no-enpine” configuration. 

The inkgated  nacelle arrangement on model 5-3 acheved a negativ: i r  -tailed w3ve 
drag. In addtion, the friction drag was reduced since the body wetted area was iiicrcised hy 
a relatively small amount to contain the engines. 

Engine Sin ‘‘+Tccts 

It was neclwiiry to determine th: nacelle installed drag variation with engine size as 
part of the drag scaling inpat data for the airplaw sizing studies. 

The effect of engine size m nacriie installed drag for wiiiG-mwnted nacelle installation 
of the delta wing configuration 3-2 is shown in figure 819. This also represents the effect Df 

engine bypass ratio since the hgher bypass ratio engines ‘‘;ool\ like” large low-bypass ratio 
engines. 

The varia!ion of nacelle installed drag with engine size for a three engine single fuselagc 
yawed wing configuration is shown in figure 81b. The effect of engne size on the 
ivtergrated nacelle design of model 5-3 is shown in figure 81 c. 

The installed nacelle drags for these confipirations are compared with each other in 
figure 82. The results shown in these figures indicate th7t: 

0 The unfavorable effect of engine size on transonic nacelle drag is most severe for 
wing mounted installations 

0 The integrated engine arrimgement has very low installed drag for low bypass ratio 
engines. 

o The body mounted nacelltb installation is the lowest drag arrangement for large 
bypass ratio engines. 

Quasi-Elliptical Planform Study 

The yawed-wing and body wing tunnel models tested recently at  the NASA Ames 
Research Csnter, (ref. 5 )  had quasielliptic p!anforms with a straight 25% chord line. A 
study has . 0-n made to identify the favorablc vr  unfavorable characteristics of such a 
plan form. 

Equivalerrt elliptic axes ratio 8: 1 wings (AR = 10.2), with the 1/4 chord L.2  straight, 
and with the planform rebersed so that the 3/4 chord line was straight were considewd, (fig. 
83). The straight 3/4 chord line tends to produce a nearly st rdight trailing edge. The straight 
1/4 chord line produces a more curved trailing edge and a n. rly straight ler?ding edGc. 

Cruise drag calculations and qualitative structural, and flap design assessments were 
made for each plmform. The results dre shown in figure 83. 
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The straight trailing edge arrangement would allow a slightly bct!er trailing tlap system. 
In addition. the straight tmiling would tent; to sweep the wing elastic axes slightly aft. 
Neither of these considcrlr:ion.; were identified as significant. 

The cruise wave drrlg for the strlright 3/4 chord planform is 1.5 drag counts more, 
(ACD = .0001 S ) ,  than the wave drlrg of the straight 114 chord planform. The minimum drag 
due to lift potential for each pianform were cdculrrted to he about equal. Tht. minimum 
drag design for the planform with the 1/4 chord line straight produces positive xro lift 
pitching moment ( C M ~ ) .  n i s  is generally desirrrble for trimming the &-plane with a 
horizontal tail developing positive lift. 

The pitching moment charrrctcristics for the two 8:1 plantorins indicate th:.t at the 
design lift.  ( C L / C L ~ ~ ,  = 1 .Ob. thc nii i i inii i i i i  drag wiiigs p n ~ I i i c c  eqiial but opposite pitching 
moments that are very nearly zero. 

The aerodynamic center for the straight 314 c h x d  planform lies forward of the 
aerodynamic center location for the stmight 1 /4 chord line planform. It is this difference in 
the aerodynamic center locations that accounts Cor the variations in the pitching moment at 
zero lift. For equal stability margins. the stright 3/3 chord planform would require a more 
forward center of gravity location and a tail down load ta trim. 

The differences in thc relative aerodynamic center locations can be visualized by 
comparison of the equivalent low aspect ratio wiiig yiaiiirurrns whose local wing span 
corresponds to  width of vawed plan:orms cut by parallel planes perpendicular t o  the 
strearawise direction. 

According to slender wing theory, the local spanwise lift coefficient depends on the 
local rate of change of the span width. The equivalent slender wing for the s t r igh t  314 
chord planform is “fuller” near the k a d ~ n g  edge, hence. more lift is produced on the front 
wing panel. This account: for the more forward aerodynamic center location for this 
planform. 

The planform with the straight 1/4 chord was selected for the yawed wing 
configuration because of the wave drag and trim drag considerations. 

Model 5-3 Drag Variation With Mach Number 

The range variation with cruise speed was calculated for the single-fuselage yawed wing 
-configuration 5-3. T h i s  required that: 

0 The variation of the optimum sweep angle with Mach number be determined. 

0 Off dLsign cruise drag he c a l d a t e d  ;it the optimum sweep angles. 

Detailed drag calculations were made for each M:ch number with the design sweep 
position of .96 rad ( 5 5  deg). The variations of drag due to  lift, wing wave drag and wing 
friction were ‘hen calculated by the analytic yawed wing optimization program previously 
descri bcd. 
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The results of the sweep selection study are shown in figure 84. The optimum sweep 
for model 5-3 differs very slightly from sweep angle for maximum isolation wing maximum 
tiftldrag ratio. The corresponding normal Mach number is approximately constant and equal 
to  0.73. 

The variation of the cruise drag of model 5-3 w:b Mach number is shown in figure 85. 
Maximum liftldrag ratios are shown for the baseline configuration as represented by the 
design layout in figure 8 and for the configuration sized to  achieve the design mission. The 
maximum liftldrag ratio for the mission sized configuratioli varies from 20.4 at Mach 0.7 t o  
11.3 at Mach 1.35. 

These maximum lift/drag ratios, ( L/D)MAx, signiticady exceed the L/D ratios for the 
ether configuration cnnrepts in ttus studv. To achieve these theoretical low levels of drag 
the elliptic wings develop Lift near the tniling edges. The possibility of trailing edge 
separation induced by the pressure gradients near the trailing edge is an area of concern that 
requires wind tunnel guidance. 

FLIGHT CONTROLS 

The Flight Controls tasks have included the following: 

0 Empennage sizing and center of gravity limits-Estimation of horizontal and 
vertical tail sizes and center of gravity limits that satisfy criiica' stability and 
control criteria. 

0 Flight characteristics analysis-Estimation of static and dynamic stability for 
selected critical fiight conditions. 

0 Synthesis of a flight control system-Examined briefly a skbility augmentation 
cmcept for the yawed wing airplane configuration. 

0 Single fuselag6 yawed wing configuration development -Assessed the various 
configurations in terms of the flight controls design criteria. 

Design Ground Rules 

The study ground rules assumed 1985 state-of-th -art Eight controls hardware 
-capability, including fly-by-wire control systems. An all flying stabilizer/geared elevator 
longitudinal control system wds employed to  provide adequate control power for the high 
speed dive recovery mar,t;uver. Longitudinal and lateraldirectional stability augmenta tion 
systems (SAS) were assumed :o be critical for safety of flight, such that the aerodynamic 
performance of each configuration would not be compromised in order to  provide inherent 
stability. An alpha limiting control system was further assumed to  avoid any undesirable 
high alpha pitch-up or lock-in stall characteristics. The use of an alpha limiter implies that an 
adequate useable angle of attack range is attainable throughout the flight envelope. This can 
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be verified only with appropriate complete configuration wind tunnel testing. All the study 
philosophy ground rules, which involve research and development hardware design items, 
need to  be developed to  provide operational systems of high reliability. 

Airplane Balance and Empennage Sizing 

Design Criteria 

In the design of each study configuration, the horizontal and vertica: stabi!ii.;ng and 
control surfaces were chosen to provide adequate trim and maneuvering ca?,,%ity 
throughout the flight envelope. The horizontal and vertical tails werc sizcd I p r a i d e  
adequate augmented dynamic stability, takeoff rotation, engine-out contml. landing it:m 
and flare capability in addition to  sufficient airplane nose down control power to  avoid high 
alpha locked-in stall. A flight critical SAS, comparable t o  the B2707-300 design. was 
assumed to  assure that the resulting augmented longitudinal and lateral-directional static and 
dynamic stability characteristics would be acceptable for the airplanes as balanced. The 
estimation of the stability characteristics necessitated an appraisal of the critical flight 
condition based on assumed rigid aerodynamic characteristics and aeroelastic properties of 
each configuration. The study design philosophy (flight critical SAS) resulted in airplanes 
having inherent aerodynamic characteristics that were stcttically unstable subsonically but 
stable for supersonic cruising flight conditions. Engine-out control capability was checked 
for each study configuration based on the specified takeoff field length and normal 
operation rotation schedules. Adequate ground steering capability was obtained on those 
configurations that rotate during takeoff by locating the main gear behind the aft 
centersf-gravity location so as t o  maintain three percent of the minimum takeoff weight on 
the nosewheel. 

Longitudinal Analysis 

A minimum size horizontal tail, compatible with the required center-of-gravity range 
and the allowable limits for stability and control, was chosen for each configuration. With a 
loading range established by weight and balance, adequate trim and control capability at the 
forward center-of-gravity location was then obtained by the sizing of the stabilizer/elevator 
system. The Flight Controls aft centersf-gravity stability limit whs determined by locating 
the center-of-gravity aft of the most forward elastic airplane maneuver point encountered in 
the fight envelope. A preselected margin of -6.6 percent M.A.C. between the aft 
center-of-gravity and the critical most forward maneuver point was obtained from extensive 
contractor simulation analyses conducted on the SST. The 82707-300 employed a full-time 
stability augmentation system judged to be very acceptable by the pilots in stabilizing the 
minimum operational descent and landing flight conditions at heavy weight, where the aft 
center-of-gravity location was behind the airplanes unaugmented maneuver point. 

The critical most forward elastic maneuver point on configurations 2-2, 3-2, 4-2 and 
5-3 was encountered during the low speed approach. At higher Mach numbers, the variable 
sweep and delta planform rigid wing-body aerodynamic centers moved aft compensating for 
the increased aeroelastic losses that tend to  move the elastic airplane maneuver point 
forward. The critical elastic maneuver point for the fixed wing configuration 1-2 occurs at a 

130 



high subsonic speed where the rigid wing-body aerodynamic center location has not moved 
aft but where the wing-body and tail aeroelastic losses have moved the airplane elastic 
maneuver point forward of its low speed location. 

The forward center of gavity limit on all configurations was set by trim and flare 
requirements during the landing approach, flaps down. The horizontal tail planform was 
selected as a compromise between aerodynamic effectiveness and deroelastic losses. 

Directional Analysis 

The vertical tail sizes were chosen to insure acceptable augmented levels of 
lateral-directional dutch roll dynamic stabilitj during the minimum operational speed flight 
conditions. In addition. the vertical tail rudder control system was designed t o  provide 
adeqltate engine out control capability during takeoff. From B2707-300 augmentation 
studies, an unaugmented dutch roll undamped natural frequency an of 2.3 rad/sec was 
selected as the dynamic stability design requirement. Vertical tail effectiveness, wing body 
directional instability, sidewash characteristics and inertial properties were then estimated 
and vertical tail sizes selected for each configuration. Engine-out control capability did not 
become a vertical tail size designing criteria for any configuration with the engines located 
relatively close to  the fuselage centerline. The vertical tail planforms were selected as a 
compromise between aerodynamic effectiveness and aeroelastic losses. "he airplane balance 
and empennage sizing criteria are summarized in table 22. 

Single Fuselage Yawed Wing Configuration 
Dynamic Stability and Control Characteristics 

The yawed wing airplane introduces unique stability and control characteristics as a 
result of the bilateral unsymmetric configuration. Because of the inertial and aerodynamic 
cross-coupling in the airplanes six degrees-of-freedom equations-of-motion, conventional 
mehods of predicting an airplane's dynamic stability characteristics are not applicable t o  the 
analysis of the yawed wing airplane. 

For airplanes having bilateral symmetry, the six degree-of-freedom equations-of-motion 
can be conveniently separated into two three degrees-of-freedom sets describing separately 
the longitudinal and lateral-directional dynamic stability characteristics. The vaw.A -.+- 
introduces inertial and aerodynamic cross-couphg between the equations-of-] 01 N I sets. A 
complete six degrees-of-freedom large disturbance solution of the equations of motion was 
required to  predict the dynamic stability characteristics. These equations included all of the 

. classical non-linear inertial coupling as well as the aerodynamic coupling of the yawed wing. 

Aerodynamic strip theory was iisc i to estimate the cross-coupling aerodynamic 
stability derivatives. In ora to prewlt  me*iningful dynamic response characteristics 
without defining a specific S. arrangement, a longitudinal statically stable airplane with a 
10% static margin was assumeu. The stability and control response characteristics were 
investigated for the rigid airplane at  a subsonic flight condition. The analysis of the rigid 
yawed wing airplanc dynamic stability and control characteristics concentrated on those 
flight characteristics peculiar t o  a single fuselage yawed wing configuration. The dynamic 
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stability analysis war conducted t o  understand the impact of the crosscoupling inertial and 
aerodynamic forces aad moments uniquely associated with a yawed wing configuration. 

Aerodynamic Cross-Coupling 

The longitudinal/lateral aerodynamic coupling for a yawed wing airplane with the left 
wing forward, right wing aft, in a positive airplane nose-up pitch maneuver is shown in figure 
86. In ai'dition to the aerodynamic rolling moment resulting from sideslip, i leron and 
rudder deflections, roll rate and yaw rate, the bilaterally unsymmetric yawed wing airplane 
will also experience an aerodynamic rolling moment resulting from pitch rate. As a result of 
the positive pitch rate about the y-axis, the trailing wing pitching down sees an incremental 
increase in an& of attack and lift. The leading wing pitching up experiences an opposite 
incremental decrease in lift. A negative aerodynamic couple about the rolling x-axis, is 
therefore produced as shown. 

The yawed wing airplane will experience an incremental pitching moment due to  roll 
rate, yaw rate and aileron deflection in addition t o  the applied aerodynamic pitching 
moment which results from angle of attack, time rate-of-change of angle-of-attack and pitch 
rate. A s  shown in figure 87. in a positive roll maneuver (right wing down) about the x-axis, 
the trailing down going wing sees an incremental increase in lift while the forward up going 
wing sees an incremental decrease in lift producing an aerodynamic coupling about the 
y-axis. Furthermore, an incremental pitching moment is produced when the airplane is 
yawed about the z-axis. This pitching moment is a result of the increase in the normal 
velocity component on the left forward moving wing and decreases in the normal velocity 
component on the 'railing rearward moving wing. This phenomenon is more commonly 
associated with the rolling moment which results ftom a yaw rate on conventional 
symmetric airplanes. A positive antisymmetrical deflection of the aileron controls will also 
produce a significant negative nosc down pitching morr.ent on the yawed wing airplane. An 
opposite (negative) aileron deflection will produce a positive nose up pitching moment. 
Consequently, rolling the airplane right or left results in an opposite transient coupled 
response with the yawed wing airplane. However, when a steady state roll rate is obtained, 
the pitching moment produced by the ailerons is cffectively cancelled by the opposing 
pitching moment produced by tlir: loll rate. 

When a conventional swept wing airplane is sideslipping positively, the normal 
component of velocity on the leading wing is increased while the trailing wing normal 
component of velocity is decreased. The associated increase in leading wing lift and decrease 
in trailing wing lift produces a rolling moment (diheral effect), with no change in the 

. resultant total wing lift. However, the yawed wing in positive sideslip cxperiences a net 
increase in total wing lift with no resulting rolling moment because now both the leading 
and trailing wing panels see the same increase in the normal component of velocity. 
Conversely, negative sidelsipping produces a net decrease in wing lift with the left wicg 
forward as shown in figure 88. 

Prediction of NASA Ames Yawed Wing Model Airplane Maneuvers 

A radio controlled model of a single fuselage yawed wing design has been flown at the 
NASA Ames Research Center. A simulation was made of the elevator loop and aileron roll 
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large disturbance maneuvers performed Oy N49A’s airplane as a preliminary step in 
detwnining the dynamic stability characteristics of the yawed wing configuration. This 
simulation included the complete nonlinear equations of motion including aerodynamic and 
inertia cross- -0 tpling terms. A transport type aircraft. however. wo;ld never be required to 
perform these i.raneuvers. These maneuvm are presented tc illustrate the impact of the 
cros-coupling aerodymmic forces and moments. 

With sufficient thrust available, the more conventional bilatcraI!y symmetric airpiane’s 
response to  a step elevator command is a loop in the x-z plane (fig. 89). The yawed wing 
aixplanes response to an elevator step input is a ”helical loop.” a steady state pitching/rolling 
maneuver in which the airplane pulls up. rolls left m u  translates sideways in the x-y airplane 
following a flight path about a cylinder whose axis is aligned with the yawed wing swecp 
angle (fig. 90). During the “helical loop.” tire airplane essentially rotates about its swcpt 
wing axis at  a rate equal to the vector sum of the steady state pitch and roll rates about the 
x and y axes, respectively. The roll rate participation involved and the corresponding 
orientation of the cylindrical flight path in the x-y plane are proportiona, to the pitch rate 
developed and the yjwed wing sweep angle. (fig. 91 ). The aerodynalnic crossxoupling 
between the roll and pitch axes is a direct result of the rolling moment produced bv the 
wing as it is pitched. as discussed prcvioulp. The essence of the steady ststc helical 1001 
maneuver lies in the balance obtained bet ween the applied aerodynamic rolling m o m e m  
which result from the elevator induced pitch rate and the resistance of roll rate. The small 
pitch and roll angular accelerations present in the time history display reflect the increasing 
tightness of the loop as the step elevator command was not rcmoved arld the airplane 
slows down. 

Another large disturbance maneuver flown with the radio controlled yawed wing 
model was an aileron roll (fig. 92). The computer simulation illustrates. as does the flying 
model, t iut  the yawed wing airplane rdls with very little pitch involvement. The aileron roll 
demonstrites how quickly the pitching moment developed by the wing in roll cancels the 
pitching moment initially produced by the antisymmetric deflection of the ailerons. A 
complete 360 degree roll maneuver to  the left is accomplished in eleven seconds. The 
maximum steady state roll rate is attaked within one second of full aileron control 
deflection. However, before tne steady state roll rate can be obtained the positive aileron 
deflection prodwes a nose down pitch rate and an incremental load factor ANz - .4g’s. As 
the ste2dy state roll rate is obtained the aileron pitching moment is effectively cancelled 5y 
the pitchng moment induced by roll rate. Conversely, a roll t o  the right results in a positive 
inclemental load facto+ ANz = +.3g’s. The difference in the airplanes response to  right and 
left roll maneuvers will be important in the flight control system synthesis. The motion 

. following the transient rcspoiise includes all the inertial and aerodynamic cross coupling 
forces and moments contained in the classica: equations of motion. 

Dynamic “tability and Control Response Characteristics 

T i e  yawed wing longitudinal dynamic stability characteristics include lateral- 
directional motion participation due principally to the aerodynamic cross coupling forces 
and moments. The response to  an elevator control pulse illustrates a high frequency w-11 
damped motion comparable to  the 747, (fig. 93). However, due to  the rolling moment 
induced by :he pitch rate, the motion also exhibits a lateral response in phase with the 
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longitudinal response. The induced roll rate produces a bank angle variation which results in 
an immediate heading change. The impact of the cross-coupling aerodynamic moments is 
apparent. The stability derivatives that were used for this simulation are shown in table 23. 
The flight control system of a yawed wing configuration must interconnect the longitudinal 
and lateral controls to maintain acceptable flying qualities. An example of the pitch/roll 
aerodynamic coupling is apparent in the low frequency lightly damped phugoid motion 
resulting from the elevator pulse, (fig. 94). As the pitch attitude changes, corresponding 
changes in bank and heading angles follow. 

The lateral-directional dynamic stability and response characteristics (Dutcll roll 
motion) of the straight wing configuration are very comparable to  the 74? except for the 
lack of roll participation, (fig. 95). As was pointed out earlier. the yawed wing airplane does 
not develop a rolling moment when sideslipped due tu wing sweep as do conventional 
airplanes. However, a small rolling moment due to sideslip does exist due to  the upflow 
about the body in sideslip of this high wing configuration. As the yawed wing configuration 
increases its wing sweep, the aerodynamic resistance to  rolling is decreased allowing more 
roll participation in the lateral-directional motion. However, as the roll participation (roll 
rat€/ increases with wing sweep, pitching moment induced from the roll rate is also 
increased. Consequently, in addition t o  the yawing and rolling accelerations felt by the 
passengers, a significant vertical acceleration would be apparent due to  coupled pitch 
response, (fig. 96). Coupled axes motion response to  control inputs may require a 
decoupling augmentation system for passenger comfort. 

Conceptual Stability Augmentation Arrangement 

As seen from the dynamic response characteristics of the yawed wing airplane, the 
yawed wing flight control system may be required to decouple the applied and induced 
cross-coupling aerodynamic forces and moments. The conceptual augmentation arrangement 
displays the conventional control system elements, figure 97. The longitudinal and lateral 
directional flight critical SAS feeds back forward velocity and pitch rate through the 
stabilizer, roll rate through the ailerons and side azceleration and yaw rate through the 
rudder. The feed forward control augmentation arrangement illustrates the interconnecting 
of the controls required to  provide only pitch response to a stabilizer command and roll 
response to  an aileron command. To ensure decoupled axes response, the dccoupling 
stability augmentation system will feedback roll and yaw rate through the stabilizer with 
pitch and yaw rate feedback through the aileron. As with current Boeing airplanes, the flight 
control system would be designed such that normal operating maneuvers would not require 
rudder control coordination. The basic augmentation arrangement without the decoupling is 

. essentially the B2707-300 design. The flight control system required for the yawed wing 
airplane would require additional design effort to synthesize the flight critical SAS, feed 
forward interconnecting control surfaces and the decoupling augmentation elements 
without saturating the control authority. This system would require more development than 
that -,ecessary for a symmetrical airplane, but it is believed to  be entirely feasible. 
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POWER SYSTEhlS AND ENVIRONMENTAL CONSlDERATlONS 

The power systems and environmental considerations tasks included the follow- 
ing work : 

0 Propulsion system engine and installation data w r e  developed to be consistent 
with advanced aircraft concepts suitable for use in the mid 1980 time pxiod. 
These data were dekelopcd to  a level sufficient t o  enable trade study evaluation of 
the impact of engine cycle, noise and installation effects on the overall 
performance of the aircraft concepts. 

0 An assessment was made of the current stat!: of the art with respect to 
ach evement of the desired environmental and propclsion performance require- 
ments and an identification was made of technology areas requiriq additional 
research and development. 

Bare Engine Data 

The c g i n e  performance, size and weight characteristics incorporated with the airp1ar.e 
studies were obtained from a computerized Advanced Transonic/Subsonic parametric engine 
family that was tailored to  be representative of advanced technolqy engifies designed for a 
specified time period. Each parametric engine is identifi5d by using the thermodynamic 
cycle parameters of design cruise bypass ratio, maximum turbiite inlet temperature, and 
design cruise overall compressor pressure ratio. 

Figure 98 illustrates the basic engine weight characteristics of the A’IT technology 
study engines. The base curve shows engine thrust to-weight plotted both against year into 
service and against engine bypass ratio. The data points on this curve illustrate engine: trends 
for t’lose engines typical of current airplanes. The thrust-to-weight values for two 1980 
engines proposed by the engine manufacturers involved in the ATT Study are also shown 
along with projected engines which might be arnilable for the 1985 time period. 

Figure 99 shows a similar plot evaluating uninstalled cruise SFC. This illustrates thc 
SFC trends for the “An-Technology” engines used in the current Mach 1.2 contract. The 
engines that have been used in the present study are seen KO be consistent with those 
projected by the engine nanufactureres under the ATT contract. 

Propulsion Systew Candidates 

Figure 100 shows 15 study engines which have been used in the NASA Mach 1.2 
airplane studies. Five bypass ratios were considered. For each of these the other cycle 
parameters: overall pressure ratio and turbine cntry temperature were fixed at values of 16 
and 3000’R respectively as shown on the figure. ’ f ie  engine cycle and nacelles were 
configured to represent mixed-exhaust-system installations. Preliminary indications had 
shown potential benefits in the area of weight for the mixed-exhaust configurations as 
opposed to separate exhausts. The first five nacelles shown, designated as engine family A, 
had no noise constraint imposed on these installations. However, each of the nacelles shown 
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was outfitted with acoustic pcriphcral treatment A second engine f;i::)iiy was de:.;igned to  
meet ;I nominal noise goal of FAR 36 minus 5 IiPNdB and ~ c o u ~ t r c  suppr;viion H J ~  

ir troduccd as required. The number directly d t e r  the "S" symbol i n  the iigirc indicrrtes the 
reqilired numbcr of PKdB of jet supprcssion. 

'The engine solircc' noisc estimates and the consequent noisc uppression hardware w r e  
both developed based on "nominal" Mach 1 . 2  aircraft low sjXt*<i .icrodyn.imic 2nd thrust 
chzrictcristicc. 

Figure 100 also illustr.ites Engine Family C which was c.on5purr.d to mLct a noise goal 
of FAR 3 6  minus I5  EPNdB. This noisc god rcquircd the introduction o f  considerable jet 
suppression and eutensive Jcoustic treatment, both i n  the iiilet and t'ie f i n  d w t ,  t o  rcducc 
the turbomachinery I I~*~Y.- .  111 wmt' caws the lt'vcls ut' jct ~ b p p r c ~  iaii bhown. for C \ . i r i i d C  

23 PNdB for tlic bypss  ratio 1 installation far exceed the I:vels of jet suppression whch  
have currently been dcmonstratcd by mode: or full scale data. 

The nacelle shapes depicted in figure 100 wcre based on prelimindry design dcfinitions 
developed for this study. Previcus contrictor design stuaies indicated that J maximitm 
naceilt. diamctcr of 10 cni t8") Iirgcr than fan tip diametm is :# rc;wm;iIk value to allvw tor 
stnrcti!ril clearmt-cs and room f J i  services. such as actuators for variaole geonictry, 
anti-icing ducts. cti- Thi. nace!le length was established as a trade between wetted-area dmg. 
wave drag. and nacelle length. These previous contnctor transonic nacelle studies had 
estahiished that ai  approxiniate optimum length for the inlet portion of the nacelle would 
l-2 1.5 t i m a  the nacelle maximun? diameter. Similarly. the boattail portion of the nacelle 
was diown to have an optimum length approximately equal to twice the nacelle maximum 
diameter. These guidelines were used to establish the pod diintxiionc used in this study. 
R*x-c~  of thew fineness ratio constraints. it is seen in the fieure that lugher bypass ratio 
nacelles pet to  be considenbiy longer than the lower bypass rdtios. 

Figure 101 indicates the conventional instdlation penalties that have been accounted 
for in tlie current studies for the bypass ratio 1 and 4 installations. 

Acoustic Considerations 

The effect of bypass ratio and other c y d e  parameters on jet and fan noise have been 
calculated by the same methods used in the previous ATT study (ref. I ) .  The noise 
effectiveness of the acoustic treatmen! and performance of jet suppressors was based upon 
scale model and full-scale data. In calculating total airplane noise levels significantly below 
FAR 36. no accou1;t has been taken of nonpropulsive f"airframe") noisc. K-cent 
investigations sliow that this noise source may prevent achieving very low overdl noise 
levels. 

Additional assuinptions have hew made concerning the acoustics of tlie propulslon 
installation. The base curve of figure 102 shows the noise spectra for the bypass ratio 2 bare 
enginc in terms of octave band number. The curve shown reptesents forward fan-radiated 
noise. Thr dashed curve indicates the noise attenuation associated with the heavily treated 
acoustic configuratian fQr the Engine F;irnily C installation. T h i s  curve was computcd on tlie 
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basis of noise reduction achievahle with current technology and is associided with thc 
attenuation curve Shawn at the bottom. The dotted curve to figure !02 gives an indication 
of the acoustic attenuation improvements projected for an advsiiced “1 985-Tech~logy)’” 
acoustic installation. The IO dB improvement at peak frequency using the proiected 
advanced technology translates in!o about a 4 PNdB improvement in forward inlet radiated 
noise. 

No penalty has Ieen imposed to reduce engine “core” noise. The nia:n reason for this 
is that enginc core noise is currently not yet fully understood and calculations o f  the levels 
of core noise are still a riialter of some disputc. In  addition. the means for treating such 
noise is only now beginnhg to be explored and so assessments or penalties for reducing core 
noise itrc imt rcadily available. 

Figure 103 illustrates some of the technology extrapolations .I d assumptions that have 
been introduced. The figure shows incremental jet suppression plotted against engine bypass 
ratio. The upper curve indicates the jet suppression levels required for the “ATT- 
Technology’’ engincs studied under this contract. To meet the noise goal of FAR 36 minus 
IS EPNJB, the bypass ratio 1 engine will require on the order of 25 PNdB jet suppression. 
The bypass ratio 4 engine was estimated to need on the order of 3-4 PNdB. The lower 
shaded area in the figure indicates the levcls of available suppression based upon current 
model and full scale test data. These estimates sre based on data which have been analyzed 
in terms of the appropriate nozzle pressure and temperature properties associated with the 
study engines. In addition. a constraint has been placed upon jet suppressor area ratio in 
order to  limit consideration of jet suppressors to those which might be reasonably 
configured within a conventional nacelle. Furthemiore the assumption has been made that 
any jei suppressor introduced would be a variable-geometry design which would enable the 
jet suppressor t o  be removed from the internal airstream in order that the int-inal losses 
associated with jet suppression be minimizcd for the cruise condition. 

Takeoff performance losses have been assessed a t  a I ?  thrust loss for each 1.5 PNdB 
jet suppression. A 3.5% nozzle przssure drop has been assessed at cruise t o  account for the 
vanable geometry jet suppressor interference with exhdust system internal lincs. This 
penalty is consistent with experience gained in the contractor 727 Ejector/Suppressor 
program. 

Engine Emission Levels 

The emission requirements specified as ground rules for this study are compared with 
levels representative of current engines in table 24. Levels thought to  be achievable by the 
engine manufacturers during the previous A’TT studies for an advanced combustor design are 
also shown. 

The study ground-rules emission gock fgr unburned hydrocarbons and carbon 
r n w c i t i  ‘, ji-car to he achievable with advanced combustor design. However, the goal for 
nitrogw t .,!+ .tppears to be too stringent io he obtained simply by advanced combustor 
design and can oiily bc rnct with the use of water injection. This approach, however, entails 
a great many operational disadvantages. The combustor design modifications were estimated 
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to be achievable at negligible performance penalty. It should be noted that meaningful 
engine emissicn goals must be related to  ambient air standards which have been developed 
to be consistent with a satisfactory air quality. I t  is not clear that the current contract goals 
can be justificd on this basis. 

Engine Cycle Selection 

Initially. the effect of bypass ratio was studied utilizing “nominal” airplane 
characteristics. The objectives were to  determine tb.: penalty of reducing the jet noise by 
incresing engme bypass ratio as ~omparcd  with teat !or the intrductinn o f  jet suppression 
for lower bypass ratio installiiiions. 

Additional studies were made specifically aimed at understanding the impact on raise 
of five study aircraft configurations as a result of considerable variations in their low speed 
performance. 

“Nominal” Airplane Studies 

Figure 104 summarizes the procedures used in the initial studies. The nominal aircraft 
characteristics are also defined. 

The noise characteristics for each of the three FAR noise stations were computed at 
levels of takeoff and approach thrust equal for all engines. Figure 105 shows the results oi 
the initial “nominal” aircraftlengine bypass ratio study. The results are shown relative to  the 
bypass ratio 1 engine for the peripherally-treated family. 

The bypass ratio I installation incurs a penalty of about 157~20% range loss t o  meet 
FAR 36 minus 15 EPNdB. To meet this same noise level even without the jet suppressor, a 
bvpass ratio 4 engine would incur an additional 12% range loss. On this basis the BPR 1 
engine with the peripheral treatmelit was selected as the baseline engine for all of the 
airplane configurations. The FAR 36-5 design and the FAR 36-1 5 design BPR = 1 engines 
were used to  investigate the impact of community noise on airplane gross weight. The 
results of these studies were discussed in the configuration performanw xction. 

Figure 106 shows the engine source noise components for both tne bypass ratio 1 at 
the top asd  bypass ratio 4 installations at the bottom. Noise levels are shown for both the 
peripherally treated case, Engine Family A, and the heavily treated case, Engine Family C 
for the approach, takeoff and sideline FAR noise stations. The figure shows the importance 

.of the jet contribution to  the overall noise for the bypass ratio 1 installation, particularly for 
the takeoff and sideline case. For the bypass ratio 4 installation the jet levels are well below 
levels of the other component noise sources. 

Impact of Study Assumptions 

Figure 107 gives an indication of how changes in certain of the assumptions could 
impact the calculated range ioss. Tht  figure shows again incremental range loss plotted 
against the installed pod drag divided by the isolated pod drag. When the parameter is equal 
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t o  1.0. the pod drag is computed as the 4r:ig of an isolsted pod. For values of Dpod 
inst./Dpod isol. greater than 1 .O. w h  ;h would involve unfavorable aerodynamic interference 
with the aircraft, it is seen that the range pemlty increases considerably. Alternatively, for 
levels of Dpod inst./Dpod isol. less thd:, 1.0, the situation of favorable aerodynamic 
interference, the levels of range penalty can oe decreased significantly. The base curve shows 
t w d s  for both the bypass ratio I and bypass ratio 4 installations. 

Also, shown in terms of a dash vertical line to the left of the plot is the level of pod 
drag associated with installing the pods for skin friction drag only. If such an installation 
were to be achieved it is seen that range savings on the order of 107 would be incurred ior a 
bypass ratio 1 .O installation, whereas a range savings on the order of 207 would be realized 
for the bypass ratio 4 installation 

The ii3,irc also indicates the levels of installed drag which were determined for the 
delta wing airplane configuration 3-2. Also shown in figure 107 are the results of similar 
calculations for an early single fuselage yawed-wing arrangement. In this case, favorable 
interference between the pods and the aircraft fuselage was achieved and the figure shows 
the significant savings in aircraft range. 

Figure 108 illustrates the range sensitivity t o  variations in pod fineness ratio where the 
L/D of the inlet and boattail were parametrically varied about the levels used in the 
preliminary design studies. These levels as noted were L/D equal to 1.5 for the forebody and 
L/D = 2.0 for the boattail. Variations of either the inlet or boattail fineness ratio result in 
trades between wave drag, skin friction drag, and nacelle weight. The results of these trades, 
shown in terms of range loss, are given for the bypass ratios I ,  3 and 5 installations. The 
results indicate that boattail L/D of 2.0, as used in the study, is approximatelv optimum. 
The inlet L/D could be somewhat increased with the resulting range savings. The figure 
indicates that a forebody L/D= 2.0 for the bypass ratio 1 installation, would r w l t  in an 
additional range savings of about 2%. A similar increase in fineness ratio for t le bypass 
ratio 5 installation could result in a range improvement on the order of 5%. Tlie relative 
range loss shown in the main carpet plot has been referenced to the absolute range loss. The 
insert indicates the large absolute range penalties associated with tht: increased bypass ratio 
as opposed to  the incremental range gain for higher bypass ratio by optimizing the pod 
fineness ratio. 

Impact of Aircraft Configurations 

Figure 109 shows the impact of t3e 5 early version of the study aircraft configurations 
' on approach, sideline and takeoff noise. The data refer to the peripherally treated bypass 
ratio 1 installation. For sideline noise, there is very little difference associated with different 
engine sizes. There is a large (on the order or 15 EPNdB) spread in takeoff noise between 
the five aircraft configurations. This large spread directly reflects the aircraft low speed 
aerodynamic capabilities and indicates the inherent noise reduction features of the yawed 
wing airplanes which for low speed operation employed a high aspect ratio unswept wing 
with exceedingly good lift to drag capability. The approach noise level data show less spread 
than might have been supposed. There are two reasons for this: f 1 ) the three conventional 
planform aircraft shown here employed an unflapped Imding configuration in order t o  
reduce the approach thrust, and thus noise levels. As a result, the landing speed for these 
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aircraft is on the order of 92.6 m/s ( 1  80 kts), compared with about 66.9 m/s (I30 kts) for 
the yawed wing configurations: (2)  in c antrast, the excellent lift-to-drag capabilities of the 
yawed wing aircraft were not able to be fully utilized due to  a flight idle ;imit of 12% of 
available thrust. The lower aspect ratio wing seiected the Model 5-3 provides a better match 
of the noise characteristics as shown in the configuration analysis section. 

STRUCTURES AND MATERIALS 

The objectives of the Structures effort in this study were to: 

0 Assure structural feasibility of each configuration by providing the required space 
for the major structural elements, joints and mechanisms 

0 Define the structural system and materials representative of an advanced 
technology airplane. 

0 Provide a reliable base for weight prediction of the yawed wing configuration by 
sizing the structural elements. 

0 Assure a divergence-free configuration with a minimum weight increment over the 
strength design requirements. 

General structural evaluations were made for all of the cocept configurations. The 
selection, use and benefits of advanced structural materials were identified. 

The nature of the divergence of a yawed wing was investigated. The results of th: 
analysis helped to define the structural sizing criteria for the yawed wing. 

Structural analyses of the yawed wing were made to aid in the selection of the wing 
p! a f o r m  and to define the structural material requirements for the weight estimates. 

Configuration Evaluation 

The structurdl teasibility was evaluated for configurations representative of each of the 
concepts studied. Constraints such as the requirement for area ruling, ground clearance, 
landing gear arrangement and engiiie location were considered. Estimates of load transfer 
were made to  assure sufficient space for structure, pivots and mechanisms and to check for 

. reasonable load paths. Primary structure layouts and wing pivot detdils are shown in the 
Configuration Description section. 

Figure 1 IO represents the flight speed placard relating airplane equivalent airspeed, 
Mach number and altitude. Based on experience a maximum cruise speed of 1$0 m/s (350 
kts) was selected to provide a low cruise dynamic pressure and allow cruise at an altitude for 
best performance. This choicc of maximum cruise airspeed limited Mach 1.2 cruise to  
altitudes above 1 1  890 m (39,000 ft). Adding a standard upset, and a flutter and divergence 
margin to  the n;.,ximurn cruise speed gave a maximum structural design speed of 216 m/s 
(420 kts) and a minimum flutter and divergence clearance speed of 260 m/s (505 kts). 

162 



250- 

200- 

150 
MET E RS 

SEC 
- 

loo 

5 0 -  

EOUIVALENT 
AIRSPEED 

U M  _I 
KNOTS 

- 
- 

100 2ool 
M A R G I N 7  

I I 1 1 1 1 I 1 1 
0 2 .  .4 .6 .6 1.0 1.2 1.4 1.6 

MACH NUMBER 

FIGURE 7 10.-STRUCTURAL DESIGN SPEEDS 

163 



Material% Selection 

Advanced structural materials Icxr all configurations werc :ierived from the Aa unced 
Transport Technology ( A m )  study icsults (ref. I ) .  The level of advanced techndogy 
assumed is that corresponding to an airplane availabilit te of 1985. This availability date 
is contingent on the completion of the research prog  . . .ommended as pait of the ATT 
program, (ref. 16). 

Structural materials selctction analyscs wcrc directed at defining: 

0 The areas for e x h  of the airplane conwpts hest w i t i d  for the application of  the 
advanced composite materials. 

0 The types of structural materials t o  be considered. 

0 The percent weight savings 01 the advanced structural materials over conventional 
aluminum skin stringer construction. 

The results of these analyses are shown for each configuration concept in figures 1 1  1 
through 115.  

Graphite-epouy honey(.omb was selected for the wing, fuselage and vt--tical tail 
primary structur ‘or all configurations. For a11 concepts, except the delta pianform, 
inboard sections of the wing were stiffened due to  high panel end loads. The weight savings 
was estimated to  be 25% where wing box stiffness was critical. The weight savings was 
estimated as 20% for other highlv loaded areas. The weight savings with graphireepoxy on 
the fuselage w1s estimated to 1 . 15%. Titanium was selected for the wing pivots and pivot 
support structures. 

A high temperature matrix composite honeycomb was selected for the horizontal tails 
on all configurations. This selection was made because the horizontal tails were relatively 
close to the engine exhaust. Use of this material resulted in an estimated weight saving of 
1 5% over aluminum skinlatringer construction designed for strength. 

Honeycomb wirh face sheets composed uf DuPont PRD-49 was selected for the wing 
and fin leading and trailing edge structures. The weight saving of this construction ovzr 
aluminum construction was estimated to be 25%. 

. Graphite-epoxy has been used for the nontemperature critical area of the nacelles with 
the acoustic treatment integrated into the structure. This type of design wodd  yield a 15% 
weight saving over a conventionally treated nacelle. Cofiventional construction WJS used for 
the temperature critical areas of thc nacelk. 

Weight estimat9s for all of the configurations were obtained by applying advanced 
technology weight adjustments to  thc calculn+?i weights based on conventional aluminum 
skin stringer construction. The unique nature of the yawed wing configuration, however, 
made it necessary t o  base the weight estimates for the yawed wing on structural analysis 
rather than statistical weight data. 
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Initially structural analyses were conducted to  cstahiish critical strength design 
conditions and to determine the nature of aerwlastic divergence of a yawed wing airplane. 

Yawed Wing Disergence 

The nature of divergence o f  an unrestrained yawed wing airplane was f i t  investigated, 
with a very simple elastic model. This model had rigid wings attached to  the center pivot 
with a spring to  simulitr bending without twist (fig. 1 16). The aft wing and fo rwrd  wing 
bending moment. M A  and MF. applied to the springs and the rolling moment. R. were 
examined. The bending moment due to  the forward wing shows the typical d'vtfrgence 
characteristic for the case of the fuselage restrained in roll. 

When the aerodynamic stiffness, s, which increases with dynamic pressure, equals the 
structural stiffness, $. the denominator of the expression for the forward wing bending 
moment, MF. will vanish. This condition defines the cantilever divergence speed. The 
expression for the rolling moment. R of the unrestrained airplane has a denominator that 
will also vanish when K, equals Ke. This will lead to ;1 form of divergence unless the 
numerator of the rolling moment expression can also be made to  vanish. A very specialized 
stability augmeptation system would be required to  either make the numerator vanish or to  
reduce the value of K,. 

The next step in determining the nature of divergence of u yawed wing airplane was to  
examine the dynamic stability with the airplane free to  roll. The structural dynamics model 
sirnulatin;. the wing is shown in figwe 117. The wing mass w3s reprcsented hy a series of 
point mdsses. The aerodynamic lift distribution was represented by a section lift coefficient 
for each of the six wing panels on each wing. Wing flexibility was represented by beam 
bending and beam torsion, altl-ough it ww found in the analysis that torsional stiffness had 
little effect on the divergencc speed. H >t flexibility was neglected. This same model, 
restrained in roll, was used to  obtain thc ,ilever stability of each %ing. The equations of 
motion included inertia. aerodynamic and elastic forces and moments. The aerodynamic 
forces provide both stiffness and damping, whereas the elastic forces provide only stiffness. 
Each wing panel was considered as a separate degree of freedom. Airplane roll was also 
treated as a separate degree of freedom, however, there were n o  stiffness forces or moments 
resulting from airplane roll. The equations that represent this dynamic system are shown in 
figure 1 17. 

The results of the dynamic stability analysis are presetded in figure 118 in terms of 
airplane speed versus damping ratio, which is the ratio of the airplane's damping to  its 
'critical damping. At zero airspeed, ths structural response frequency ?ach wing treated 
as cantilevers and for the unrestrained airplane are all the same, Hz. As speed is 
increased initially, the damping ratio increases in all three cases, however: 

0 the frequency decreases for the leading wing cantilevered and also for the 
unrestrained airplane 

0 the frequency increases for the trailing wing cantilevered 
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The leading wing bending deflection for the unrestrsined airplanr. increases relative to 
the triling wing deflection. This starts an airplane roll oscillation. 

At higher airspeeds. the damping n t i o  of the cantilevered leading wing starts to 
decrease. This trend continues until the leading wing cantilevered divergence speed is 
reached. At this speed the frequency becomes zero and the wing hecomcs unst;iblr. This 
provides a source of energy to the unrestrained airplane. This energy is fed tluough the wity 
bending causing an increase in airplane roll and a decrease in its frequency until a IOU 
frequency. oscillating instability occurs. This instability is ;i combination of wing bendint 
with a large amount of airplane roll. I f  the speed is increased slightly. the frequency goes to 
zero and elastic divergence takes place. 

In addition to the speeddamping characteristics shuwn on figure 118, there is an 
unrestrained airplane mode with zero frequency and damping for all airspeeds. At low 
speeds, this mode is basically airplane roll. However, as the leading wing cantilevered 
divergence speed is approached (as the aercdynamic stiffness apprGaches the structural 
stiffness), the amount of leading wing bending rekttive to roll rate in  this mode increases. At 
the kading wing centilevered divergence speed. the ratio of leading wing bending t o  roll rate 
becomes infinite. 

The results of these analyses and some preliminary strength ma!yses indicated that a 
reasonable approximation to  the structural weight of the wing would result from sizing the 
structure to the more stringent of: 

0 Gust and maneuver loads at zero yaw angle. and 

0 Can .uever divergence of the forward wing. 

Yawed Wing Analyses 

Graphite-epoxy advanced filiamentary composite structu.-e was applied to the yawed 
wing. The graphite-epoxy was evaluated by comparison witt- a conventional aluminum 
structure. Sizing criteria used were strcngth at zero yaw and cii.-y!rgence avoidance at 45" 
yaw. For the case using aluminum structure, the divergence +rice criterion required 
considerably more material than the strength criterion. For se using graphite-epoxy 
both divergence and strength rs guired nearly equal a iwunts  ot anaterial. 

The aluminum construction was a skinstringer assembly. The paphte-epoxy material 
requirements were based on the following assumptions: 

0 A ply arrangement was selected consideriqg 'external load distributions and the 
bending stiffness required for divergence. 

0 Isotropic structural parameters such as yield strength and stiffness nlodulus were 
established to  simulate the anisotropic ply arrangemcnt. 

0 A conipression buckling curve was estimated for built up panels. 
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Allowables and stiffnesses were determined from material data in the Air Force 
Advanced Composites Design Guide (ref. 17).  High modulus graphite was used. Fibre 
orientations were selected to enhance wing bending direction strength and stiffness, while 
retaining some reasonable strength in other directions. Ply orientation in the graphiteepoxy 
face sheets, selected on the basis of experience. was 60% (09, 30% ( 4S0), and 10% (909. In 
addition to  material failure co*.siderations the compression allowable calculation includes 
checks on panel compression stability, shear crimping, core shear strength and core crushing. 
The shear allowable calculation includes checks for panel shear stability and intracell 
buckling. The honeycomb ribbon direction is parallel t o  the spars, which helps prevent shear 
crimping. The allowables and stiffnesses used for the composite are compared t o  those for 
aluminum in Figure 119. The griiphite-epoxy honeycomb has a density of 1605 kg/m3 
(.OS8 Ib/im3). This includes Face sheets, core and adhesive. The decsity of aluminum is 
2800 kg/m3 (.IO1 l b / i r~ .~ ) .  An allcwance of 157 for aluminum and 25% for graphitettpoxy 
was added to the wing primary structural weight to account for fittings, Fasteners, 
and joints. 

The material requirements based on strength considerations were determined using a 
computerized wing structural synthesis program (ORACLE). ORACLE combines an 
aeroelastic loads analysis based on beam theory and lifting line aerodynamics as described in 
NACA TN 3030 (ref. 18), a simplified box beam stress analysis and a weight analysis of the 
wing box. The box beam stress analysis includes the effect of combined shear and tension. A 
flow chart for ORACLE is shown in figure 120. 

The strength design load conditions were a 15.24 m/s (50 ftlsec) gust at  V, = 180 m/s 
(350 keas), at  an altitude of 6096 m (20,000 ft) with a gross weight of 163,300 kg 
(360,000 Ib), and a 2.5 g symmetrical maneuver at  Ve = 216 m/s (420 keas), at  an altitude 
of 4877 m (16,000 ft) with a gross weight of 272,200 kg (600.000 Ib). The loads that 
correspond to these conditions are plotted in figure 121. The material cross-section area 
necessary to  support this level of loading is shown in Figure 122 and the wing section 
properties in the form of bending and torsional stiffness for both aluminum and 
graphite-epoxy construction are shown in figure 123. 

The graphite-ep9xy wing box w a s  considerably lighter than the aluminum structure. 
Although the strength sized composite wing required more material than the aluminum 
wing, it was lighter because the density of the graphite-epoxy is less than aluminum. When 
sized to divergence avoidance the higher stiffness-weight ratio of the composite gives this 
material an even greater advantage over aluminum. 

Yawed Wing Trade Studies 

A series of wing structural analyses were conducted to aid in the development of a 
yawed wing planform. Aeroelastic structural sizing was performed to determine the weight 
sensitivity of the wing with respect to wing elliptic axis ratio thickness ratio, wing area and 
airplane weight. 

Elliptic axis ratios of l O : l ,  8:l and 6 : l  were analysed varying the maximum t/c 
(thickness to chord ratio). These correspond to unswept aspect ratios of 12.7, 10.2 and 7.6, 
respectively. The results of these analyses are shown on Figure 124 in terms of aluminum 
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wing primary stmcture weight. The t/c distribution WJS linear for tlie 1 O : l  wing and was 
elliptic for the 8.1 a r i  6 : l  wing. l h c  material requircrnents for the 1 O : l  wing were 
excessive, even with a maximum t/c of lb'.;. txt:x~w of the stiffness needed to  avoid 
divergeiicr. At a maximum tic 0 1  14';. the 8 : l  w:;ig IS nc:dy equally critical for srrcripiii 
and divcy9,r.nr.t- 

T h c  effect of cpplying -mltphitctpos} t o  wing% with J maximum t'c of I:? and an 
elliptic t lc distribution is shown on F i g w  125. The inc-rcnicnt in primary structure weight 
for strength desigii~d grapliitc-cpoxy wirip was , h u t  771 1 kg I I l.900 Ih). The advantage 
ut graphite-cpwy is even greater when the material requirements were dictated by 
divergence. 

Wing bending inatxial weight as a function of wing area Jnd airplane gross weight is 
shown for aluminum structure on Figure 126 rtild for g-ltphitc-epoxy structure on Figure 

27. Fie wing ujrd for thew vltriations had an 8:l elliptic ahis mtio and an elliptic t/c 
distribution with J maxirniim t /c  of 1 2 7 .  At high goss weights the aluminum w i n g  are 
designncd by maneuver loads. As gros weight is reduced at constant wing area, the designing 
criterion changes to  Just loads. and then divergence avoidance. 

T7ie wgment of the curves defined by the divwgenw requirements is independent of 
gross weight. The goss weight at which the design requirements change from gust and 
maneuver loads t o  divergence avoidance is strongly dependent on wing area. In the r a p s  
studied. the gltphite-cpoxy w i n e  were ltlway:' designed by gut and maneuver losds mthcr 
than by divergence requirements. 

WIGHT AND BALANCE 

The objec-tives of the weight studies were: 

0 Perform contiguration weight and balance analyses 

0 Develop weight trade a i d  sensitivity studies 

0 Conduct configuration parametric weight siting analyses 

0 Uiidertakc yawed wing weight studies b x c d  on structural analyses 

'Weight analysis and pwmetr ic  wcight studies were performed on the five airplane concepts 
a,.<-- et.;&. &,&. 
UU. rllg , a l l . ,  ...- -, 

Weight tride and sensitivity studies supported engine cyclelsound suppression studies 
for the selection of engine bypass ratio and noisc suppression treatnier,,. 

Weight studies were performed to support the sin& firselagc yawed wing co11 I lguration 
dcvelopment trade and semi tivity studies. 

Inertias and products of intenas werc determined for t k  10:1 cl!iytic axes ratio \;iwrd 
wing configuration for the dynamic stability analysis. 
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Weight Analysis Approach 

The Model 2707-300 from ;$e SST prorotyp prognm was selected as E base point to 
develop the weight for tht, structure :and equipment systems. Weight adjustments werd 
determined for changes in geornrtry. stmctur.;! loading. and tcmperature eiiects on niaterial 
selection for Mach 1.2. The weight analyses tor the :fawed wing configurations were based 
on wing structural analyses. Table 2 5  summltrixs the weight ;tnalysa approach. Advanced 
technology weight adjustments were applied to the structure, pwiiIsio7. equipment and 
payload systems. 

The use of the previously discussed advanced technology stnictural materids p r d i c e d  
weight improvements wnsistrnr wirh ihe Level 111 rssults of thc Advanced Technology 
Transport Progriam (ref. I ,  p g e  78). The application of these structural iniprovements 
provide weight saving ranging up to  2 5 5  in the areas of application and produced an overall 
reduction of approsinlately 1 5 7  in total btructural weight. Table 26 compares the 
applicable structural technology and level of weight uscd in the aircraft sizing analysis of the 
Advanced Technology Transport Program and the High Transonic Speed Transport Study. 

Configuration Weight Analysis 

Weight analyses were performed 011 five airplane concepts during thc initial phase of 
this study. To form a basis for cornparison thc analysis was collducted on each concept at 
272.1 5 5  kg (600.000 Ib) maximum takeoff weight. The single-fuselage yawed-wing concept 
underwent a longer period of developmen:. iiitpro\eiilent; in thc ~k:,ng weight and 
r erodynamic performance were sufficient eventually to  warrant a reducticjii in maximum 
takeoff weight of the base configuration t o  226.800 kg (500,000 Ib). 

Table 27 contains a comparison of the uncycled baseline configurations fractional 
weight distributions. The yawed wing configurations have larger weight fractions for the 
wing and body, and lower weight fractions for the propulsion items. These reflect the 
influence of the higher wing aspect ratios. higher body fineness ratios, and lower 
thrustlweight ratios for the yawed wing concepts. 

Weight calculations completed during the course of the study helped to  identify the 
impact of bypass ratio, noise suppression and planform geomtry  on +he gross weight of the 
sized airplanes. 

The variations of wing weight with elliptic axis ratio (aspect ratio) and thickness ratio 
art shown in Figures 128 and 129. These figures indicate the powerfu! effects of wing 
tll.cknes. and aspect ratio on wing weights. 

The weight incremem calculated for the payload wade study are preseiited in 
Table 28. The impact of payload on operating empty weight is primarily due to  body 
tineness ratio changes. 
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Balacce and Loading 

Table '9 compares the balance and loading criteria t l u t  Ii.ive been used for each of the 
study configurations with the loadirg criteria for subsonic and supersonic configuration 
arrangements with aft engine locations. 

The weight and balance data for thc uric) c.1c.J hasdine configuration 5-3 arc' presented 
in Tabk 30. The corresponding loading diagmm for this configuration is shown in 
Figure 133. The weight distribution data for thc uncycled brtsclint. configuration 5-3 is 
compared with the corrcsponding wt.ight data for the mission sized contigurJtion in the 
configurstion performance section. (Table 0). 

The results of tlic balance and loading analysis for the uncycled single body yawed 
wing configuration 5-3 indicate that: 

0 forward ballast is required for low payloads and enipty conditions (no payload). 

0 selective fuel management with an aft body fuel tank provides the capability to 
minimiLC cruist trini dmg. 

0 A center of gravity ranse of 2 5 5  MAC is required for loading of passengers and 
baggage. This center of gravity range is within the limits provided by the stability 
and control system. 

Forward balance requirements and fuel management are provided as on the National SST 
Propam configuration (82707-300), by a forward water tank for the low pavload 
conditions and the inclusion of a center of gravity indication and control system. 

Parametric Analysis 

The sensitivity of structure, propulsion and equipment weight to wing area, maximum 
takeoff weight, thrust level and sound suppression treatment was determined in the 
configuration parametric sizing analyses for each design concept. The sensitivity of wing 
weigint to area and maximum takeoff weight for the yawed wing configurations was 
evaluated from the results of wing structural analyses while statistical data were used for the 
other configurations. Figure 131 depicts the parametric nature of the weight scaling data 
thi t  include the effects of maintaining a balanccd airplane. 

The structural veight estimates have been bascd in part on statistical data and also on 
detailed structural analyses. The unique nature of the single body yawed wing configuration 
warrants further detailed design and analysis investigations to validate fully the weight 
estimates of aarnnced technology materials. Thc details of the structural arrangement and 
methods of construction of the yawed wing and body need further investigations 
that include: 

e Determining the transmittal of loads from the wing through the pivot and bod:z 
structure to proI'::ie a complctc understanding o: tb 1 interaction of wing , r , l  

body loads. 
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TABLE 29.-BALANCE AND LOADING CRITERIA (TYPICAL A F T  ENGINE ARRANGEMENT) 

I TYPE 
1 

-~ ~ ~~~~ - 
SUBSON IC ( T  YPlCA L 1 

ITEM 

LOADING CRITERIA UNRESTRICTED SEATING 
DlSPATCh WITHOUT 
BALLAST A T  A L L  
PASSENGER LOAD 
FACTORS 

TRA%SONIC 

U N  RESTR IC1  ED SEATING 
DISPATCH WITHOUT 
BALLAST AT PASSENGER 
LOAD FACTORS GREATER 

(80% PRCJBAB~LITYI 
THAN 45% 

APPROX LOW SPEED 
OPERATIONAL C G 
RANGE 

UNRESTRICTED SEATING 
DISPATCH WITHOUT 
BALLAST FOR SPACE 
LIMITED PAYLOAD, 
FULL PASSENGER 
PAY LOAD WITH 
BAGGAGE OR 50% 
PAYLOAD WITH ZONE 
LOADING OF PASSENGERS 

6351-11 -1 
135 I N  ) 

2.032 m 

(80 I N  I 
TRIM TANK FUEL 

BALLAST FOR MOST 
PAYLOADS 

C0I;F I GU RAT13N 

I N  CENTER OF PRESSURE 
DUE TO MACH NO 
C G INDICATION 
AND CONTROL 

EFFECTS-CHANGE 
NONE 

PAYLOADS ONLY 

NOT REOUIRED RZOUIRED 



TABLE 30.-UNCYCLED CONFIGURATION 5-3 WEIGHT AND BALANCE BASELiNE DATA 

WING 
HORIZONTAL TAIL 
VERTICAL TAIL 
BODY 
MAIN LANDING GEAR 
NOSE LANDING GEAR 
NACEL 'I AND STRUT ~ 

TOTAL STRUCTURE 
~~ 

____ __ 

ENGINE 
ENGINE ACCESSORIES 
ENGINE CONTROLS 
STARTING SYSTEM 
FUEL SYSTEM 
THRUST REVERSER (IN NACELLE) 

TOTAL PROPULSION GROUP 

ACCESSORY DRIVE SYSTEM 
INSTRUMENTS 
SURFACE CONTROLS 
HY D R AU LI CS 
PN EUM AT1 CS 
ELECT R I C A L 
ELECTRONICS 
FLIGHT PR9VISIONS 
PASSENGER ACCOMODATIONS 
CARGO HANDLING 
EM€ RGENCY EQUIPMENT 
AIR CONDITIONING 
INSU LATlON 
AUXILIARY POWER UNIT 
WATER BALLAST SYSTEM 

T0TP.L FIXED EQUIPMENT 

EXTERIOR PAINT 
OPTIONS 

MANU F ACTU R E R'<; E MPTY 'NE I G HT 
STANDARD AND OPkRATIQNAL ITEMS 

~. -- 

OPE R AT1 ON A L E MPTY WE I G HT 
MAXIMUM TAKEOFF WEIGHT 

MASS CG BODY ViEiGHT CG BODY 
L6 STATION KG STAT ION 

m IN. 
35,830 

1,640 
860 

26,040 
6,520 
2,090 

___ 11,310 
84,690 

58.67 
88.90 
88.65 
50.55 
69.09 
30.48 
73.91 
59.26 

8,890 77.47 

6 50 77.47 

2,460 61.98 

79,occ 
3,620 
1,900 

57,400 
15,250 
4,600 

186,700 
24,930 

-_l_.- 

2310 
3500 
3490 
1990 
2720 
1200 
291 3 
2333 

~- 

I_.__ 

19,600 3050 

1,430 3050 

5,430 2440 

12,000 

490 
p 30 

3,030 
1,970 

660 
1,310 
1,390 

430 
5,570 

7 50 
340 

1,810 
1,330 

610 
110 

74.29 26,460 2925 

77.47 
71.84 
61,21 
65.79 
66.29 
47.50 
20.57 
17.78 
44.45 
42.93 
44.45 
50.55 
44.45 
i38.90 
24.89 

1,080 
1,050 
6,690 
4,330 
1,450 
3,980 
3,070 

9 50 
12,280 
1,660 

740 
4,000 
2,930 
1,350 

250 

3050 
860 

2410 
3590 
2610 
1870 
810 
700 

1750 
1 E90 
1750 
1990 
1750 
3500 
980 

20,780 49.66 45,8 10 1955 

90 51.69 200 2035 
1,140 44.45 2,500 1750 

11 8,700 58.95 26 1,670 2321 
5,140 44.45 1 1,330 1750 

123,840 58.34 273,000 2297 
226,796 50r3,OOO 

I_-. _ . ~  . 

- 
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0 Examining the impact oi forward loccltim of the paylorrd and the aft locatior. of 
tt.2 engine on the ovemll fuselage weight by a detailed design analyss. 
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CONCLUSIONS 

The most significant conclusions of this study are: 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

The “boomless” supersonic mission , quirements were met at FAR 36 noise levels 
by a delta configuration ai 225.79b kg (500.000 Ib) gross weight and by a 
single-body yawed-wing configuration at 21 1.828 kg (467.000 Ib). The higher 
lift/drag ratio of the yawed-wing concept lead to its lower gross weight. 
Configurations based o n  the other concepts resulted in heavier airplanes. 

The nuiw goal of FAR 36 minus 15 EPNdB can he met with the single-body 
yawed-wing configuration at approximately 226.796 kg (500,OOO Ib) gross 
weight. This noise goal cannot be met reasonably by the other configurations. The 
yawed-wing configuration has a large advantage in takeoff and landing 
pcr f0rmanc.e. 

A yawed wing configuration designed for Mach 1.2. can achieve the design range 
for all supersonic Mach numbers up to 1.2 and will have a 20% excess range 
capability at subsonic speeds. 

The selected structural design speed placard restricted the minimum Mach 1.2 
cruise altitude t o  1 1887 m (39.000 ft). This restriction constrained the size of all 
of the configurations and has probably resulted in performance losses. 

Although wing aeroelastic divergence is a primary design consideration for 
yawed-wing configurations, the graphiteepoxy wings of this study were designed 
by critical gust and maneuver loads rather than by divergence requirements. 

Advanced filamentary composite materials offer about a 20% structural weight 
saving over aluminum for a strength designed yawed wing. 

A variation in the yawed wing aspect ratio results in a trade between Iiftldrag 
ratio and winq due to  divergence. The best planform was obtained with an elliptic 
axis ratio af 8:l (unyawed aspect ratio 10.2) and an unyawed maximum t/c 
of 12%. 

The rigid dynamic stability and control characteristics of all five concepts are 
acceptable. However, aeroelastics may have a significant cffect on the flying 
characteristics of the yawed-wing configurations. 

For high transonic speed applications low bypass ratio engines with suppression 
result in lower gross weight airplanes than configurations with high bypass ratio 
engines even at equal community noise levels. 

The total drag for any transonic configuration is very sensitive to  the way in 
which the nacelles are installed. Double pod installations result in high wave drag. 
Engines integrated into the body result in low drag. 
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RECOMMENDATIONS 

Because of the promising potential of the single-body yawed-wing concept it is 
recommended that a progrm be indertaken to w i f y  and further develop this potentid. A 
three phase program is recommended: Phase I consists of analvtical studies which follow 
directly From this contract. Phase I1 is a combination of wind tunne! and lab test work with 
further theoretical studies. Phase 111 includes further development of Phase I and I I  work 
through detailed design followed by flight test of a demonstration vehicle. 

PHASE I 

Determine the best structural design speed placard by studying the trade between 
airframe weight and aerodynamic performance. 

Develop a Mach 1.2 configuration alternate to  configuration 5-3. The objective of 
this development should be to  simplify the engine and landing gear installation 
while retaining the aerodynamic efficiency. 

Develop a low transonic speed yawed wing configuration to  compare directly to  
the A m  configurations. 

Match the engine cycle, the amount of noise suppression required, the flap system 
and the takeoff and landing procedures to  minimize the community noise for the 
synthesized basic and alternate yawed-wing configurations. 

Conduct an analysis of the stability and control characteristics of a flexible 
yawed-wing airplane to  identify control system requirements. 

Conduct a theoretical and experimental wing development study to  fully identify 
the maximum practical wing thickness/chorJ ratio and the minimum achievable 
drag due to  lift. 

Analyze operational characteristics of a yawed-wing commercial transport in 
airline operation and estimate total operating costs. Compare these costs with 
wide-body and ATT operating costs for similar payload/mnge categories. 

PHASE 11 

Verify the performance of the best Mach 1.2 configuration developed in Phase I 
by a coordinated theoretical-experimental program covering both the low and 
high speed flight regimes. 

Conduct a market analysis t o  determine potential total airline fleet requirements. 
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0 Based on the results of the Phase I stability and control study aid available test 
data, develop a moving base simulation of the airplane in order t o  evaladts flight 
control systems. 

0 Perform an aeroelastic model wind tunnel test t o  confirni the wing divergence and 
flutter characteristics. 

0 Develop detailed plans including the design criteria for a yawed-wing fliFht test 
vehicle. 

PHASE 111 

Design and Fabricate a yawed-wing flight test airplane. 

SUPPORTING TECHNOLOGY DEVELOPMENT 

In addtior, t o  the development work described above for the yawed-wing configura- 
tion. the basic advanced technology programs recommended as part of the Advanced 
Transport Technology study (ref. 16) should be pursued since they apply nearly iin;versally 
to this concept This is pariicularly true in the structures, flight control and power systems 
areas that reqbxe the projected technology advances to achieve the potential identified in 
this study. 

198 



REFERENCES 

3 

4 

5 

9 

10 

NASA Contracts NASI-1071, NASI-1073, NASI-1073. “Study of the Application of 
Advanced Technologies to  Long-Range Transport Aircraft.” 

Haglund, G. T.: A Preliminary Climatology of the Threshold Mach Number. Paper 
Presented at the Fourth Conference on Aerospace Meteorology, Am. Meteorol. Soc. 
and AIAA (Las Vegas, Nevada) May 1970. pr. 39-41 3. 

Wallace, R. E.: “Parametric and Optin.:. ion Techniques for Airplane Desig.~ 
Syntheses.” Paper No. 7, AGARD Lett*: . Series No. 56-Aircraft Performance - 
Prediction Method and Optimization Edited by J. Williams-April 24-28, 1972, 
VonKarman f nstitute, Belgium. 

Wimpress, J. K,. and Swihart, J.M.: “Influence of Aerodynamic Research on the 
Performance of Supersonic Airplanes.” Journal of Aircraft, Vol. 1. No. 2, March-April 
1964, pp. 71-76. 

Graham, L. A., Jones. R. T., and Boltt, F. W.: “An Experimental Investigation of an 
oblique-Wing and Body Combination at Mach numbers between 0.6 and 1.40.” NASA 
TMX-62.207. December 1972. 

Smith, J. H. B.: “Lift/Drag Ratios 01 Optimized Slewed Elliptic Wings at Supersonic 
Speeds.” The Aeronautical Quarterly, August 1961. 

Jones, R. T.: “Theoretical Determination of the Minimum Drag of iirfols at 
Supersonic Speeds.” Jour. of Aero. Science, December 1952. 

Sommer, S. G. and Short, B. J.: “Free-Flight Measurements of Turbul i t  boundary 
Layer Skin Friction in the Presence of Severe Aerodynamic Heating at Mach Numbers 
From 2.8 to  7.0.” NACA TN 3391. 

Sheppard, L. M.: “Methods for Determining the Wave Drag of Nonlifting Wing-Body 
Combinations.” R.A.E. R&M No. 3077, April 1957. 

Sheppard, L. M.: “The Wave Drag of NonLILing Combinations of Thin Wings and 
Nonslender Bodies.” R.A.E. R&M No. 3076, March 1957. 

11 Carlson, H m y  W. and Middleton, Wilber D.: “A N,umcrical Method for the Design of 
Camber Surfaces of Supersonic Wings With Arbitrary Planforms.” NASA TN 
D-2341,1964. 

12 Middleton, W. D. and Carlson, H. W.: “A Numerical Method for Calculating the 
Flat-Plate Pressure Distributions on Supersonic Wings of Arbitrary Planform.” NASA 
TN D-2570, 1965. 

199 



13 Shrout. B. L.: “Extension of a Numerical Solution for the Aerody-:amic Characterktics 
of a Wing to  Include a Canard or Horizontal Tail.” AGARD CP-5 1-7 1 .  

14 Mack. R. J.: “A Numerical Method for Evaluation and Utilkation of‘ Supcrsoniz 
Nacelle-Wing Interference.” NASA TN D-5057, March 1969. 

I S  Hams. E.oy V.: “An Analysis and Correlation of Aircraft Wave Drag.” NASA Thl 
x-947. 1964. 

I6 NASA Report CR-I 12093. “Final Report-Study of the Application of Adv~nzcd 
Technologies to Long Range Transport Aircraft .” Volume I I Advaiiccd Technology 
Program Recommendations, May 1972. 

17 “Advanced Composites Design Guide.” Advanced Composites Division Air Force 
Material Liiboratory Air Force Systems Command, Wright-Pdttcrson Air Force Base. 
Ohio. November 197 1 .  

18 Gray. W. L. a i d  Schenk. K.M.: “A Method for Calculating the Subsonic Steady-State 
Loading on an Airplane With a Wing of Arbitrary Planform and Stiffness.” NACA 
TN 3030. 



IN11111 VROGRAY OBIEClIVES 

DEFINITION REFIN JULV m.072 CONFIGURATION INITIAL DEFINlTlOh 

I lYOWTM I 

C0NCE.I NO 3 
I D f L l A  WINCI 

co(YtEPTw0 4 
;WIN FUSEL4GE 
VAWEDWINCI 

mwm NO I 
(SINGLE F W U G E  
V4WED WINGI 

FIR= CVCLE COl lF lGUI4 f lOW 

DESIGN REVIEW 4 T  N m  U E S  
DESIGN L4vOUtSDCVELWEO 

ARRANCEUENTS WERE DEFINED. 

t i c s  W I G M T - ~ ~ . ~ ~  UG 
IwomuI 
1985 TECHNOLOOV 
4 BVP4.S R41lO - 1 ENGINE 

Y4CW - 9 2 
PAVLOAD - 18,147 KG IU I  m0 L 9 l  
RANGE - ~ N . m f 3 . M O N M I t  

D YISION DESIGN 08JEtTIVES 

I 



--- 

9 -EL bi.A 

!i -EL 5p ' 
# --- 

*;;-- 

#--- WODPL 4.2 

+- 
\J M O O E L b 2 4  

c o w m r n A r c  W E  ntmiwxnof TWL 
CONTRACT E l  foOl  OM TRADf STWJl6S TO 
0.TIMlZE THE MOOL L 5 VAWEO WING 
3oNCEPl 

0 WING ASPECT RATIO 
0 4LTlTUOE -SPf EO C U C 4 R O  
0 CRO.ULUON INST4LUTlOU 

0 R E T A I M  1HE CONCEPTS 1 2 22.22,  AND C2 
WIIHOVT f unrwcn WORK 

POSTPONE THE COYIRATIVC C(nfmYU*: 
AN0 LCONOUICS 10 A LATER TIME PERIOD 

O W E L O .  l Y R O V f 0  WAVE DRAG VERSION 01 

a THE IMPROVED CONPIGWIATIOW 

SI M Y  FOR ONE OTWER WING PLANFORM 
$7 OV TRAL'ES Of  RANGE. CAVLOAD. 

SUGLE BOOV VANED WtNG 

YP' ' 0  AWO NOISE 

V- YODEL 2 2  

---+- 
YODEL 32 

---*p + 
MODEL c2 

-+ MODEL 6 3  

APPENDIX 
CONFIGURA TlON EVOLUTION 

20 I 


